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ABSTRACT

This report covers in detail the research work of the Solid State Division at

Lincoln Laboratory for the period 1 May through 31 July 1989. The topics
covered are Electro_)ptical Devices, Quantum Electronics, Materials

Research, Submicrometer Technology, Microelectronics, and Analog
Device Technology. F'anding is provided primarily by the Air Force, with
additional support prt,vided by the Army, DARPA, Navy, SDIO, NASA,
and DOE.
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1-I Block diagram of the optical analog link. 1

1-2 Performance of the optical analog link with 55-mW optical power input and
10-Hz noise bandwidth. The uncertainty in the noise level measurement is

+2 dB. Solid lines are theoretical predictions based on the nonliiiearity of the
interferometric modulator. 2

1-3 Schematic circuit of experimental free-space optical interconnection system.
The interconnect consists of a diode laser, two miniature lenses, and a
detector. 4

1-4 Upper trace: output from GaAs digital circuit connected directly to detector.
Lower trace: l-Gb/s electrical drive signal to laser on another circuit board
separated from detector by 24 cm. Scale: 1 V/div vertical; 2 ns/div horizontal. 5

1-5 Relative light output vs forward current for mass-transported BH
GaInP/GaAs/GaInP laser with _l-#m active-layer width and
--400-_m Iv_gth. 6

2-1 Sketch of the singic-irequency Nd:YAG laser. The Nd:YAG crystal has a

curved end (R : 1 cm) with a dichroic coating that is a high reflector at
1.06/_m and transmits the pump radiation at 808 am. The other end of the

c.'Tstal is antireflection (AR) coated at 1.06/_m. The output coupler has a
radius of curvature of 7.5 cm and a 90-percent reflectivity at 1.06 _m. 9

2-2 Geometry used for pumping amplifiers using transmissive random binary-phase
plates. A lens of focal length f is used to produce the far-field intensity distri-
bution within the crystal. 11

2-3 Contour plot of the central peak of the far-field intensity distribution for dif-

fraction from a square aperture. At the 1/e 2 intensity points, the contour can

be approximated by a circle of diameter D shown by the dashed line. 12

2-4 Beam smoothing using a random binary-phase plate with 100-/_m souare ele-
ments. The intensity profile of an unsmoothed beam is shown in (a), and of

a smoothed beam is shown in (b). The upper figures are density plots where
the highest intensity is shown by the darkest regions; the lower figures are
3-dimensional plot_ of the same profiles. The, large spatial variation shown
in (a) is replaced by speckle as shown in (b). 13
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2-5 Schematic of the passively mode-locked Ti:AI203 laser system. The four mir-
rors around the Ti:AI203 crystal constitute the main laser cavity. The mirror
Mo is a 15-percent transmitting mirror. The second cavity consists of the mir-
ror Mo, a beam splitter (BS) that acts as the output coupler, a GRIN lens to
focus light into the optical fiber, and a butt-coupled mirror. 14

2-6 (a) Experimental configuration, (b) a CARS process in which the material is
excited at toI - to2, and (c) a two-photon process in which the material is
excited at 2oJI. 16

2-7 (a) 2a_1 - to2 signal as a function of the time delay between toI and _02pulses.

_to I i_ kept fixed at 1480.7 meV, and to2 is varied. (b) Time-integrated 2toI - to2

signal vs detuning energy _i(tuI - to2). Curve TM: all waves are in TM modes;

curve TE: pump beam toI is in TE mode, to2 and 2to I - to2 are in TM. The
arrows mark the most visible Maker fringes. 17

2-8 Optically induced change in the absorption of probe beam as a function of

probe photon energy. The pump frequency is kept fixed as indicated by the
arrow. Inset shows the percer, t change in throughput power of the probe

beam as a function of pump-probe time delay. 18

3-1 (a) Forward and (b) reverse current-voltage characteristics of PtSi detector at
80 K before irradiation (solid lines) and after inadiation of l0 Mrad(Si)

(dashedlines). 22

3-2 NormalizedresponsivityvswavelengthforPtSidetectorat80 K beforeand
afterirradiation.The normalizedrcsponsivityistheratioofthesignalfrom the

PtSidetectorto thesignalfrom a pyroclcctricdetectorwitha flatspectral

response,normalizedtothehighestmeasuredvalueofthisratio. 22

3-3 High-frequencyC-V characteristicsof MOS capacitorsat80 K beforeirradi-

ation(solidlines)and afterirradiationof I Mrad(Si)(dashedlines).The gate

voltageV G appliedtothecapacitorsduringirradiationand theflat-bandvolt-
ageshiftAVFB arcindicated. 23

3-4 CCD transferinefficiencyas a functionoftotaldosefortheserialCCD shift

registerof a 160X 244 array. 24

3-5 Thermalimagesof 10-K4-bartestpatternobtainedwitha 160× 244 PtSi

array(a)beforeirradiation,and afterirradiationto a totaldoseof(b)0.2
and (c)0.4Mrad(Si). 26

viii

1990014845-005



Figure

No. Page

4-1 Atomic compositions of ,._lOx obtained from Auger measurements as a func-
tion of the ratio of oxygen to Al arrival rates. The data include f'dms formed

by ion-beam deposition, e-beam evaporation, and sputter deposition. The
shaded area represents films that contain a mixture of AI and oxide; these
provide good imaging quality at 193 nm. 28

4-2 One-pulse self-development threshold energy Eth and reflectivity of ion-beam-
deposited AIOx films as a function of the partial pressure of 02 during
deposition. 29

4-3 Scanning electron micrograph of AIOx on top of a-C:H. The _lO x layer was
patterned in air with one pulse of 528 mJ/cm 2 using a 193-nm excime: laser.
The a-C:H layer was reactive-ion etched in 02 at 250 V. 30

4-4 Sequence of cross-sectional scanning electron micrographs showing the change
in planarization with aspect ratio for an a-C:H film deposited on oxide sub-
strates with step height of (a) 0.34, (b) 0.63, and (c) 0.92/zm. 31

4-5 Cross-sectional scanning electron micrographs of planarizing oxides deposited
on 0.9-/zm silicon steps of varying aspect ratio for three '_;fferent deposition
conditions. For all three films, the ECR power was 750 W and the silane flow
was 100 sccm. In (a), the RF power was 300 W, the N20 flow rate was
72 sccm, the Ar flow rate was 58 sccm, and the deposition time was 90 rain.
In (b), the RF power was increased to 400 W, the Ar flow rate was increased

to 87 sccm, and the deposition time was halved to 45 rain. In (c), the RF
power and Ar flow rate were identical to those in (a), but the N20 flow rate
and deposition time were halved to 36 sccm and 45 rain, respectively. 32

4.6 Conductance of the modified diamond layer on /100}-oriented substrates ip
the low resistance direction as a function of etch depth. Ion-beam-assiste,., etch-
ing was used to etch the modified iayer. The inset shows the typical resistance
of the layer as a function of angle relative to one of the in-plane <I 10> axes.
The solid c;,rcles are the data, and the solid lines are guides to the eve. 34

4-7 Ratio of the _,aximum to minimum transmittance of linearly polarized radia-
tion through the modified layer on /100/substrates as a function of photon
energy and wavelength. The solid circles are the data, and the solid line is a
guide to the eye. 35
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4-8 Bright- and dark-field transmission electron micrographs of laser-modified
{100} diamond. The inset in the bright-field micrograph shows the electron

diffraction pattern and the portion of that pattern used to form the dark-
field image. Transmission electron micrographs of the unmodified diamond
used in these experiments show no defects except for a very occasional
dislocation. 36

5-1 Photograph of the CCD camera showing the focal-plane board on the left and
camera chassis on the right. Both front and back views of the focal-plane
board are shown. 39
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i INTRODUCTION

1. ELECTROOPTICAL DEVICES

A high-dynamic-range fiber-optic analog link has been built with a noise figure of only 6 dB and an
RF-to-RF gain of 11 dB at 50 MHz. This was achieve, without electronic amplification by using a
very sensitive bandpass impedance-m._t_hed Ti:LiNbO 3 interferometric modulator and an input
optical power of 55 mW at 1.32 #m.

A simple free-space optical interconnect containing only a laser, two miniature lenses, and a detector
has linked two GaAs digital integrated circuits at a data rate of 1 Gb/s. The link demonstrates the

feasibility of directly connecting digital ohcults at high data rates with no external driver, preampli-
fier or interface circuitry.

A new type of GaAs diode laser has been demonstrated. The laser consists of an OMVPE-grown
GalnP/GaAs double heterostructure wi_h buried stripes produced by mass transport of the GalnP
all_y.

2. QUANTUM ELECTRONICS

A standing-wave Nd:YAG laser has been demonstrated to operate at a single frequency at pump
powers up to three times threshold with no frequency-selective devices in :he cavity. Single-frequency
operation occurs even though the 8.5-era-long cavity has of the order of 100 axial modes within the
gain peak.

Transmissive random binary-phase plates have been fabricated using standard microlithographic
techniquub. The plates have been used to smooth out large-scale spatial variations ("hot spots") in
frequency-doubled Nd:YAG laser beams (532 nm) used f Jr pumping Ti:AI20 3 amplifiers.

A Ti:AI20 3 laser has been passively mode locked with the use of a second, coupled cavity containing
an optical fiber that produced self-phase moOulation. The output was an 80-MHz train of chirped
1.5-ps pulses whch were dispersively compensated with an external grating pair to obtain 220-fs
pulses.

Nonresonant, n:)ndegenerate four-wave mixing in an AIGaAs waveguide has been observed using
picosecond laser pulses. A conversion efficiency of 0.4 percent was obtained with an intensity of 2 ×
i0s W/cm 2 which, for the waveguide area of 2 _m 2, corresponds to 20 pJ in the 5-ps laser pulse.

3. MATERIALS RESEARCH

Total-dose radiation testing has been performed at 80 K on PtSi Schottky-barrier infrared detectors
and on 160 × 244-element focal plane arrays with monolithic CCD readout circuitry. The detectors
showed excellent radiation hardness, with essentially no change in dark current and quantum effi-
ciency after exposure to 5 Mrad(Si), and the focal plane arrays continued to operate after exposure
to 0.8 Mrad(Si), yielding thermal imagery of reasonable quality with small degradation in pixel
uniformity.

xiii

1990014845-009



4. SUBMICROMETER TECHNOLOGY

Substoichiometric aluminam oxide thin films have been investigated as imaging layers for 193-nm

excimer lithography. Features as small as 0.1 #m were obtained in single-pulse, self-developing

exposures.

The method of bias electron cyclotron resonance plasma deposition has beer, used to deposit planar-

izing layers of amorphous carbon cr SiO 2 near room temperature. With both materials, l-gin-high,
2-#m-wide features ale plana,_zed to _50 nm.

Pulsed, 193-nm irradiation has been shown to modify the electrical, optical, and crystallographic

properties of diart, ond surfaces, apparently by ind_jcing the formation of graphite-like phases in the
diamond matrix. The modified layers have resistivity in the l0 "4 fl cm range, polarize light, and are

thermally and chemically stable.

5. MICROELECTRONICS

Charge-coupled-device (CCD) cameras have been built for use in a wavefront sensor in a real-time
adaptive optics system. The cameras satisfied the dual requirements oi low noise level at high frame
rates (35 electrons rms at 2000 f/s) and near-reflection-limited quantum efficiency (88 percent).

The surface-state dark current in a buried-channel CCD has been suppressed by periodicali_ invert-

ing the surfaces under the gates as a function of time during the integration period. The dark current
at room teraperature was reduced to as low as 20 pA/cm 2.

A permeable-base transistor (PBT) track-and-hold cigcuit has been developed that is designed to
operate with high-T c superconductors in a chirp-transform spectrum analyzer. A microstrip hybrid

circuit using discrete PBTs has demonstrated a tracking bandwidth "_f2.4 GHz with over 3C dB of I
dynamic range. !

6. ANALOG DEVICE TECHNOLOGY

Dielectric properties of the perovskites LaAIO3 and LaGaO 3 have been measured at mk.cowave

frequencies and the res'alts indicate that both materials can be utilized as low-loss substrates for high-
temperature superconductors. The structural instabilities and twin formation inherent in these
perovskites should not prevent fabrication of thin-film superconductor circuits.

Superconducting films of YIBa2Cu3Ox cosputtered from elemental targe:s of Y, Ba, and Cu in an

Ar/O 2 ambient and crystallized by annealing in 0 2 at 850°C have shown transition temperatures

exceeding 80 K and critical currents of _i06 A/cm 2. Higher oxygen pressure during sputtering is
needed to stabilize the cry::_alline YIBa2Cu30_ phase if postannealing is not used.

xiv
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of Nd-Doped Materials for M.R. Kokta* 1-3 May 1989
Diode-Pumped Lasers D.S. Knowies*

A. Cassanho*

8317 Excited-State Absorption in K.F. Wall

Ti:YAIO3 R.L. Aggarwal
C.P. Khattak*

8384 Suppression of Laser Spiking by T.H. Jeys
Intracavity Second-Harmonic
Generation

8394A Scalable. t_nd-Pumped, Diode T.Y. Fan
Laser Pumped Nd:YAG Laser

* Author not at Lincoln Laboratory.
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I 8260A Superconducting Stripline D.E. Oates Workshop on High

Resonators and High-T c Temperature Superconductors,
Materials Huntsvilk, Alabama,

23-25 May 1989

8278 Preparation and Patterning of M. Bhushan
YBa2Cu30 x Thin Films A.J. Strauss [ Intl. Cryogenics Material

Conference, Los Angeles,
8514 Preparation of YBa2Cu30 x Thin M. Bhushan California, 25 July 1989

Films by Multisource Deposition

8292 Aluminum Oxides as Imaging S.W. Pang
Materials for 193-nm Excimer R.R. Kun2

Laser Lithography M. Rothschild
R.B. Goodman
M.W. Horn 33rd Intl, Symposium on
D.J. Ehrlich Electron, Ion, and Photon

Beams, Monterey, California,
8293 Controlled-Ambient Exposure R.R. Kunz 30 May -- 2 June 1989

of Polysilane Resists at 193 nm S.P. Sawan*
M. Roth:;child
Y.G. Tsai*
D.J. Ehrlich

8294 45°-Mirror Surface-Emitting Z.L. Liau IOOC'89, Kobe, Japan,
Diode Lasers and High-Power J.N. Walpole 18-21 July 1989
Arrays J.P. Donnelly

K. Rauschenbach
V. Diadiuk
W.D Goodhue

C.A. Wang
R.J. Bailey
L.J. Missaggia
D.E. Mull

8310 Monolithic Two-Dimensional W.D. Goodhue 31st Electronic Materials

GaAs/AlGaAs Laser Arrays K. Rauschenbach Conference, Cambridge,
Fabricated by Chlorine Ion- C.A. Wang Massa_Jmsetts, 21-23 June
Beam Assisted MicromachilJing J.P. Donnelly 1989

G.D. Johnson

* Author not at Lincoln Laboratory.
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8321 Large-Area Uniform OMVPE C.A. Wang
Growth for GaAs/A1GaAs H.K. Choi
Quantum-Well Diode Lasers with M.K. Connors

Controlled Emission Wavelength 31st Electronic Materials
Conference, Cambridge,

8324 Surface Energy Minimization Z.L. Liau Massachusetts, 21-23 June
Process in Etched Compound H.J. Zeiger 1989
Semiconductor Structures: Mass V. Diadiuk

Transport Kinetics and J.N. Walpole
Microlens Fabrication D.E. Mull

8318 Current Status of III-V Opto- H.K. Choi State-of-the-Art Program on
electronic Devices on Si C.A. Wang Compound Semiconductors,

G.W. Turner Los Angeles, California,

J.P. Mattia 7-12 May 1989

S.J. Eglash
B-Y. Tsaur

8321A Large-Area Uniform OMVPE C.A. Wang Seminar, Kopin Corporation,
Growth for GaAs/A1GaAs Taunton, Massachusetts,

Quantum-Well Diode Lasers with 27 June 1989

Controlled Emission Wavelength

8348 Two-Dimensional Diode Laser R.C. Williamson SDI Technical Achievement

Arrays Symposium, Washington, DC,
29-30 June 1989

8349 Planarizing SiO 2 and a-C:H M.W. Horn VLSI Multilevel Interconnect

Films Prepared by Electron S.W. Pang Conference, Santa Clara, Cali-
Cyclotron Resonance Plasma M. Rothschild fornia, 12-14 June 1989

Deposition G.A. Ditmer*

8360 Plasma Etching and Applications M.A. Hartney TEGAL Plasma Technology

of Multilayer Resists Seminar, San Francisco,
California, 22 May 1989

8361 Optoelectronic Device Integration D.Z. Tsang IEEE LEOS Seminar Series,

for Q-Switched Pulse Generation Waltham, Massachusetts,
II May 1989

8394B Scalable, End-Pumped, Diode T.Y. Fan Seminar, Candela Laser
Laser Pumped Nd:YAG Laser Corporation, Wayland,

Massachusetts, 18 May 1989

* Author not at Lincoln Laboratory.
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8402 Homoepitaxial Diamond Films M.W. Geis Diamond Technology
Initiative Symposium,
Crystal City, Virginia,
11-13 July 1989

8416 Recent Advances in Tunable P.L. Kelley EOCM Colloquium V and
Solid State Lasers Workshops, Farnborough,

United Kingdom, 8 June 1989

8418 Hot Electrons in Resonant- E.R. Brown Sixth Intl. Conference, hot
Tunneling Diodes Carriers in Semiconductors,

Scottsdale, Arizona,
23-28 July 1989

8498 Gallium Arsenide Heteroepitaxial G.W. Turner NATO Advanced Study
Growth on Silicon Institute, Boca Raton, Flor-

ida, 17-28 July 1989

8506 Sputtering of Y-Ba-Cu-O A.C. Anderson Gordon Research Conference,
Thin Films Tilton, New Hampshire,

19 July 1989
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1. ELECTROOPTICAL DEVICES

l.l HIGH-PERFORMANCE OPTICAL ANALOG LINK USING
EXTERNAL MODULATION

Optical analog links are attractivefor many applicationsranging from cable TV distributionto
radar-signal transmission at microwave frequencies. These systems often require a link with low
noise figure, low RF insertion loss, and high dynamic range. This has been difficult to achieve,
especially for links using direct laser modulation. We describe here an optical analog link which
utilizes a high-sensitivityexternal modulator and a high-powerlow-noise CW laser to achieve signifi-
cantly higher performance than in previously reported links.l,2

The optical link, shown in Figure i-l, consists of a CW laser, an external modulator, _n optical
fiber, and a PIN detector. Optical transmissionloss was negligible in our experimental arrangement
because the fiber length was short (several meters). It has been shown3 that link gain, noise figure,
and dynamic range all improve with increasing laser power and that link gain and noise figure
improve with increasing modulator response.

High modulator response was obtained t,,, ":npedancematching a Ti-indiffusedlithium niobate
waveguide interferometer with 55-mm-long electrodes to the RF input with a loosely coupled
double-tuned transformer.4 The secondaryof the transformerresonatedwith the modulator capaci-
tance in this doable-tuned circuit. At the resonantCrequencyof 50 MHz, this passive circuit gave the
modulator about 10dB higher responsethan with the usual basebandresistivetermination. The peak

OC DC
POWER IN POWER IN

q)

li'E"i 0 I"°OUT°"I OET'CTO'IIi PASSIVE
]IMPEDANCE i

I MATCH i

e RF RF
•- INPUT OUTPUT

Figure 1-1. Block diagram of the op_,cal analog link.
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response was equivalent to a V,r of 300 mV at 50 11. This i.,vedarice-/natchcd __a.., .... s..a .
bandpass response w;th a 3-riB bandwidth of 30 MHz. The fiber-device-fiber optical insertion loss
was 4.5 dB when the interferometer was biased for maximum transmission. However, in our lir,k
experiments the modulator was biased at the half-power point to maximize sensitivity and to elimi-
nate even harmonics and even intermodulation products.

A diode-pumped 1.32-9m Nd:YAG laser was used as the optical source because it offered the
important advantages of high output power and low relative intensity noise (RIlq). The particular
laser used here had a RIN < -165 dB/Hz near 50 MHz and provided 55 mW of optical power in the
input fiber.

The RF output of the link was measured at the output of the reverse-biased InGaAs PIN
photodetector. No electronic RF amplification was used in the link. The high laser power and high
modulator response resulted in a small-signal IZl_-to-RF gain of 11 dB at 50 MHz.

Although dynamic range can be defined in many different ways,5 we used the more stringent
intermo,Julation-free dynamic range, which is the difference between the noise level at a specified
bandwidth and the maximum input signal that produces no third-order intermodulation signals
above that noise level. The third-order intermodulation signal is the largest spurious signal produced
by an interferometric modulator when it is biased at the half-power point.

To measure link intermodulation performance, two signals of equal amplitude but different
frequency (51 and 52 MHz) were applied to the RF input, and the amplitudes of the fundamental
signals and the intermodulation signals were measured at the RF output.l,5 The results are shown in
Figure 1-2. When third-order terms are the dominant spurious signal, the intermodulation-free

INPUT RF POWER (dBm)

-170 -150 -'130 -110 -90 -70 -50 -30 -10 0

- _

.....................-N-6_sY-15o

s --  ,ON.FREE,I I

_'_ -_ DYNAMIC RANGE =1 _
="'-"6-dE NOISE FIGURE --,-

r'igure 1-2. Performance of the optical analog link with 55-m W optical power input and IO-Hz noise band-
width. The uncertainty in the noise level measurement i_ ±2 dB. Solid lines are theoretical predictionJ based on
the nonlinearity of the inlerferometric modulator.

I
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d_,namic range varies inversely as the 2/3 nower of the nni_o h_nflwit_th Th,. ......... ,4 ,4..... ;_

range of 104 dB at 10-Hz noise bandwidth corresponds to 1l/ dB-HzZ/3. Another measure of link
performance sometimes used is the "maximum signal-to-noise ratio," 6 which ignores spurious sig-
nals. This ratio for our link was 155 dB-Hz. The nonlinearity in the link that produces the third-
order intermodulation signal results almost entirely from the nonlinearity of the interferometric

modulator. The sohd lines in Figure 1-2 are the calculated theoretical performance based upon the
measured modulator response, optical power, and detector responsi-Aty, and using the electricaLto-
optical transfer function of' the interferometric modulator as the only nonlinearity in the lir,k. It can
be seen that the measured link performance closely matches this theoretical calculation over the
entire 150-riB range of input power used in the experiment.

The measure:l noise figure of 6 dB (+2 dB) is only 3 dB above the bt. possib!e with a passive
input impedance match at room temperature, ihermal noise from the resistance of the modulator

and/or matching resistors is amplified by the link gain and limits the noise figure to 3 dB at laro,:
gains. In this experiment, the noise figure wa3 larger than the 3-rib limit because the modest link gain
was not quite sufficient for the amplified thermal noise to dominate shot noise.

No photorefractive problems were detected during the link performance measurements. Photo-
voltaic drift was measured more precisely in a separate experiment using the same modulator and
-pplying an optical power of 36 mW (at J_= 1.32 #m) to the interferometer input. With no dc bias
voltage on the electrodes, the drift in the interferometer phase bias point over a measurement time of
47 h was < 9°, and even this small drift seemed to be caused by effects unrelated to optical power.
Optical power limiting caused by stimulated Brillouin _ dtterin_ in the fibers was also not observed
because of the short fiber length.

G.E. Betts K.G. Ray
L.M. Johnson R.D. Glelln

C.H. Cox, IlI A.C. Yee

1.2 l-Gh/s FREE-SPACE OPTICAL INTERCONNECTION BETWEEN
DIGITAL CIRCUITS

Optical interconnections are of interest as a high-speed alternative to electrical interconnections
between digital circuits.7, 8 A major obstacle to the use of optical interconnections over short dis-

tar_ces ha been high, optoelectronic conversion losses. With high conversion losses, optical intercon-
nections require transmitter circuits it, order to drive the optical source anti receive_ circuits to
restore the signal to digital-logic voltage levels These circuits increase the complexity, cost, power

requirement, and area for each of the thousands of interconnections in an 8dvanced computer We
describe here an efficient, simple free-space optical in,erconnection between tyro digital circuits
which operates at a clock rate of ! GHz. The interconnection includes a diode las_'r, two miniature
lenses, and a detector. The diode laser is connected directly to the output of one digital circuit, and
the detector is connected directly to the input of another digital circuit without external drivers,
preamplifiers, or other interface circuits.
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Characteristics of the laser, the optics, and the detector are important in the achievement of an

efficient opticai interconnect that can link digital _og_'" d,c,its -"w,.,,,_....... ,,-,--,,-°,"_:':---',--v,-,,'--':t="":^-,,-'-,..T,.o.,,,.
diode laser must have a low threshold current (<20 mA) so that it can be driven directly by logic
circuits, and a high differential efficiency for efficient electrical-to-optical power conversion. The
optics must be antirefleetion coated r,nd have a larjze numerical aperture to collect and collimate all

diode output radiation. The detector must have high quantum efficiency and be able to handle the
large incident power levels (>1 mW).

The experimental high-speed free-space opt_:al interconnection made between two circuit
boards is shown schematically in Figure 1-3. A 1.3-#m GaInAsP laser with a threshold current of
5 mA and a differential quantum efficiency of 35 percent per facet was connected directly to a
commercial GaAs code generator with a I-GHz clock frequency capability. The laser was biased

below threshold for a logic "0". An aspheric 0.55-NA, 5-mm.-diam. compact disc lens collected and
collimated the laser output, while an identical lens focused the beam onto the detector. The separa-
tion between lenses was 24 cm. A 100-#m.-diam. PIN photodiode with --70-percent quantum effi-

ciency was connected directly to the input ef a commercial GaAs D-type flip-flop. The flip-flop
contained an internal comparator, as noted in Figure I-3.

_1_0 _: GaAs

GaBs _ .-- DFLIP-FLOP

CODE 50 ,,.__/ t . __

LENS LENS

DIODE Z ,v,,_ 0 501

Ith = 5 mA I'--"--" 24(m.

- V PiN "_""70_1

PHOTODIODE J_ i
--V

Figure 1-3. 6_,';:'natic circuit of experimental free-space optical interconnection system. The interconnect
consists of a dmde laser, two miniature lenses, and a detector.

When the optical components were aligned, the current efficiency (defined as the ratio of the

differential current out of the detector to the differential current into the laser) was as high as

12.5 percent and significantly better than the 1 to 3 percent characteristic of many high-speed fiber-

optic systems. This link was operated at clock frequencies from 100 MHz to the I-GHz limit of the

code generator, which corresponds to a l-Gb/s data rate. The recovered signal at the output of the

D-type flip-flop is shown in Figure 1-4 along with the laser electrical drive sigaal for a clock
frequency of I GHz. These results show that simple high-performance optical interconnections are

possible and that considerable reduction in optical interconnection complexity can be achieved with

4

,I
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DIGITALSIGNAL ATRECEIVERBOARD

LIGHTBLOCKED

SIGNALTO LASER

Figure 1-4. Upper trace: output from GaAs digital c_r('uit connected dilectlv to detector. Lower trace: I-Gh/s

electrical drive signal to laser on another circuit hoard separated from detector hy 24 cm. Scale: I V/div
vertical. 2 ns/div horizontal.

efficient components. Simple optical interconnections of this type could be applied., in either free-
space or fiber-optic form, between computer mainframes, modules, and boards.

D.Z. Tsang

1.3 MASS-TRANSPORTED BURIED-HETEROSTRUCTURE GaAs LASERS

Successful operation has been achieved of GaAs buried-heterost" acture (BH) lasers fabricated

for the first time by the mass-transport technique. In these devices, the usual AIGaAs cladding

material is replaced by Gao.511no.49P (abbreviated as GalnP). This alloy is lattice matched to GaAs

and, as reported recently, 9 maintains the ratio of group Ill elements during mass transport.

GalnP, GaAs double-heterostructure (DH) lasers, grown by hydride vapor phase epitaxy, were

first reported by Nuese et al.l° Recently. quantum-well lasers of these GalnAsP/GaAs materials

with state-of-the-art power-conversion efficiencies (66 percent) and threshold current densities

(<100 A cm 2) have been reported by Alferov ar, d coworkers at the Ioffe Institute. 11,12 These

structures were grown using liquid phase epitaxy.

_r., comparison with AIGaAs/GaAs, GalnP/GaAs requires more demanding crystal growth for

several reasons, including lattice-matching constraints. However, special fabrication techniques,

which are difficult to use with reactive aluminum compounds, can be fully exploited in the GalnP/

GaAs system and should lead to new and improved devices. In our case, the epitaxial growth was

done in an organometallic vapor phase epitaxial reactor designed for growth of abrupt interfaces 13

and the mass-transport technique was used for fabrication. That fabrication technique has led te the

development of BH lasers and surface-emitting laser arrays for InGaAsP/InP materials. 14

The heterostructure investigated in our experiments consisted of six layers grown on a GaAs

substrate, which was Si doped (n _-1 X 1018 cm -3) and oriented 2° off (100) toward (il0). The

layers in order of growth were: 0.2-#m-thick n-GaAs buffer layer, l-/am-thick n-GalnP cladd!ng
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layer, 0.1-_m-thick undoped GaAs active layer, l-_m-thick p-GalnP cladding layer, 0.2-#m-thick
p-GaAs contacting layer, and a 0.3-k_m-thick p-tialnt' cap layer. The GainP cap iayer is needed to
facilitate the mass transport as described in Reference 9. Silicon (silane) and Zn (dimethylzinc) were
used as dopants at concentrations of--I X 1018cm -3.

Broad-area devices were fabricated on a portion of the wafer in which the top GalnP cap layer
was removed by chemical etching. On a portion with the top GalnP cap layer, a two-step mass-
transport fabrication of buried-stripe devices was undertaken as described in Reference 9. The mate-
rial was held at -750°C for I h during each of the mass-transport steps.

Figure I-5 sl=ows light output vs the diode forward current in pulsed operation for a device with
a buried-active-layer width of _l #m and a cleaved-cavity length of---400/zm. Lasing occurred at a
threshold current of _33 mA. The differential quantum efficiency was about :5 percent per facet.
The threshold current density for broad-area devices was _1300 A/cm 2. This is about 6X lower than
that for the BH stripe devices. When heat sunk, the stripe devices operated continuously at room
tempe,'atule with threshold currents about the same as the pulsed threshold currents. Both broad-
area and stripe devices emit at ---0.89-/_m wavelength at room temperature. This is somewhat longer
than the wavelength corresponding to the room-temperature energy gap of undoped GaAs, and is
probably indicative of band tails caused by inadvertent impurity doping in the active region.

0 20 40 60 80 1O0

CURRENT (mA) .-_'

Figure 1-5. Relative light output vsforward current for mass-transported BH GalnP/ GaAs/ GalnP laser with
_l-I_m active-layer width and _'400-l_m length.
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These initial results on the first mass-transt_o_ed GaAs BH lasers are extremely encouramn2.
Future refinements in both crystal growth az_o fabrication techniques are expected to yield major
improvements in device performance.

S.H. Groves S.C. Palmateer

Z.L. Liau J.N. Walpole
L.J. Missaggia
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2. QUANTUM ELECTRONICS

2.1 SINGLE-FREQUENCY Nd:YAG LASER

A standing-wave Nd:YAG laser has been demonstrated to operate at a single frequency up to
1.4 times threshold with no frequency-selecting devices. This laser contains only two optical ele-

ments: a Nd:YAG crystal with one end coated for high reflectivity, and a mirror which serves as the

output coupler. The total cavity length was 8.5 cm, more than 100 times the length of the single-
frequency microchip laser. 1 The long cavity allows the insertion of intracavity devices.

Several techniques exist for obtaining single-frequency operation of a Nd:YAG laser with no

intracavity elements. In a unidirectional ring cavity, spatial hole burning does not exist because of

the traveling-wave nature of the field distribution. The ring cavity requires a unidirectional device to

force stable unidirectional operation. Such lasers are more complicated (and more expensive) than a
standing-wave Nd:YAG laser.

Another single-frequency Nd:YAG laser, the microehip laser, 1 relies on short cavity length to

force single-frequency operation. With a 0.73-ram-long cavity, the next longitudinal mode lies

113 GHz away (c/2L). The gain profile of Nd:YAG has a half-width at half-maximum of 75 GHz.

The next longitudinal mode therefore sees less than half of the peak gain and is strongly suppressed
at pump powers up to 40 times threshold.

The Nd:YAG laser used in this experiment (shown in Figure 2-1) was optically pumped by a

Ti:AI20 3 laser which was tuned with a birefringent tuner to 808 nm. The l-cm-long Nd:YAG rod
was doped with l-percent Nd 3 „end of the crystal was fiat and antireflection coated for

1.064 #m. The other end was polished to have a 1-cm radius and coated to be a high reflector at

1.064/zm and antirefleetion coated for 808 rim. The radius of curvature of the output coupler was
7.5 cm with 10-percent transmission. The Nd:YAG laser threshold was 46 mW. "with 54 mW of

pump light, the laser operated at a single frequency with an output power of 1.2 mW.

I.= _ 8.5cm >1lcm

___d:YAG _ _ AR AT 1.064 pm _--_
PUMP RADIATION

i DICHROIC COATING OUTPUT

-_ COUPLER

Figure 2-1. Sketch of the single-frequency Nd: YA G laser. The Nd: YA G crystal has a curved end (R = 1 cm)
with a dichroic coating that is a high reflector at 1.06 lain and transmits the pump radiation at 808 nm. The
other end of the crystal is antireflection (AR) coated at 1.06 _tm. The output coupler has a radius of curvature
of 7.5 cm and a 90-percent reflectivity at 1.06 _tm.
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The surprising result is that this relatively long cavity will run at a single frequency at 1.4 times
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hole burning so that the laser operates at a single frequency: (1) diffusion of the population inver-
sioil, (2) a large output coupling, and (3) a short gain region abutting the high reflector at one end of

the cavity.

That the diffusion of the population inversion helps can be deduced from the fact that the

excitation of a Nd 3 in 1-percent-doped Nd:YAG migrates to a nearest neighbor with a transfer
time of 3 X 10-7 s (Reference 2). The corresponding diffusion distance is 50 nm in one radiative

lifetime. This distance is less than, but comparable to, the 146-nm (=h/4n) distance from minimum

to maximum intensity for a standing wave in the Nd:YAG cryst,!; therefore, spatial hole burning is
reduced but not eliminated.

The large output coupling contributes because the more the ratio of intensities of the two

counterpropagating waves deviates from unity, the smalJer is the contrast between maximum and
minimum axial intensity and the smaller the spatial hole-burning effect. Wben a 5-percent output

coupler was substituted for the 10-percent output coupler, the laser operated in several longitudinal i
modes, even near threshold. The laser ran at a single frequency in this case only by including an

etalon in the cavity.

The third aspect of this laser that helps single-frequency operation is the short gain region

abutting the high reflector thrv-g" -::hich the crystal is pumped. The gain region is short because the
high doping causes ::._3t of the pure 0 radiation to be absorbed near the end of the crystal. Since all

standing-wave modes have a "-)de at the high reflector, all modes within the narrow gain bandwidth

remain in spatial phase thro, the gain region and, hence, must compete for the same population
inversion. In co fast, for a gain medium in the center of the cavity, two modes access different

population iuversion whel_ the nodes _f one mode overlap the antinodes of the second mode, and

vice versa. The theory 3 of this " _:ct ..3 been worked out and experimentally 4 realized.

S.R. Henion
P.A. Sehulz

2.2 LASER PUMPING OF SO_,'-'-_TATE AMPLIFIERS USING
RANDOM BINARY-PHASE PLATES

Laser pumping of solid-state amplifiers lequires good spatial overlap between the pump and
signal beams. This can be difficult to achieve with a nonuniform pump intensity profile. The pres-
ence of large spatial variations (hot spots) in the intensity of the pump beam can result in even larger
spatial variations in the amplified intensity of the signal beam, because small-signal gain is an
exponential function of the pump intensity. These large spatial variations in the output signal

intensity will lead to increased beam divergence and possible damage to optical components. Dam-
_ge to the amplifier medium may also result from hot spots in the pump beams.

We have used transmissive random binary-phase plates 5 (RBPP) to smooth out hot spots in
frequency-doubled Nd:YAG laser radiation used to pump Ti:AI203 amplifiers. Random phase plates
have been used in laser fusion experiments to obtain uniform illumination of fusion targets.

10
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A transmissive RBPP consists of a two-dimensional array of transmissive elements, each of
w,._. ,,,uuu_._ _,p.a_ _lm_ randomly chosen to be ¢Rner (_Oor frO �1_0_,where 00 is an arbitrary
constant. For ease of fabrication, we have chosen the elements of the array to be squares having
sides of length a. The phase shift is achieved by etching elements of depth t on a transparent
substrate, wber¢ t is given by

t - 2(n - l) ' (2-1)

in which _ is the wavelength of the laser, and n is the index of refraction of the substrate. The

approximate size of the elements is chosen so that they are small compared with the scale of spatial
intensity variations in the laser beam. In the far-field, the RBPP removes hot spots at the expense of
introducing speckle. A lens following the RBPP is used to produce the far-field intensity distribution
of the pump beam in the amplifier, as shown schematically in Figure 2-2. For an array consisting of

BRPP LENS

t

Figure 2-2. Geometry used for pumping amplifiers using transmissive random binary-phasc plates. A lens of
focal length f is used to produce the far-field intensity distribution within the crystal.

square elements, the envelope of the far-field intensity distribution is that of a sin._le square aperture.
Figure 2-3 is a contour plot of the central peak of the far-field intensity distribution for diffraction

from a square aperture. At the I/e 2 intensity points, the contour can be approximated by a circle of
diameter D which is given by

D = 1.4_ , (2-2)a

where f is the focal length of the lens. The diameter d of the speckle is approximately

f_
d_2

A ' (2-3)

whereA isthecharacteristicdiameterofthebeam.The longitudinallengthL ofa specklehasthe
value
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Figure2-3. Contourplot of the centralpeak of the far-field intensity distributionfor diffractionfrom a
squareaperture.At the l / e2intensitypoints, the contourcanbe approximatedby a circleof diameterD shown
by the dashedline.

The platesusedin thiswork were preparedfrom fusedsilicaflatsby processingtechniques
common tothesemiconductorindustry.The fiatswerecleanedand degreased,coatedwitha 0.5-pm

layerofphotorcsist,andprebakedat90°C for30 min.A mask withthedesiredpatternwas prepared

usinga random-numbergenerationprogramtoassignthebinaryphase-shiftvaluestoeachsquare.

The photorcsistwas exposedtothemask patternand developed.Finally,theplateswcrcion-etched
ina carbontetrafluoridcplasmaforabout20 min.Usingthisprocess,wc obtainedrandom phase

plateswitha toleranceintheetcheddepthof+5 percent.

Figure2-4illu_tratcssmoothingof a 532-nm pump beam usinga RBPP with100-prosquare
elements.The upperportionof Figure2-4(a)isa densityplotof theintensityprofile,where the

highestintensitycorrespondstothedarkestregion.In additionto a localizedhotspot2 to3 times

theaverageintensity,diffractionringsarcalsoapparent.The intensityofthehotspotrclat!vetothe

restof theprofileisapparentinthelower,three-dimensionalplot.Figure2-4(b)shows thesame
beam afterpassagethrougha RBPP and a lensof 20-cm focallength.The large-scalespatial

variationsinthepump beam shown inFigure2-4(a)areclearlyremovedby theRBPP attheexpense

ofspeckle.However,appropriatechoiceofpump- and signal-beamgeometryallowsthespecklein

theamplifiedsignalbeam to be averagedout.

12
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Figure 2-4. Beam smoothing using a random binary-phase plate with lO0-_m square elements. The intensity
profile of an unsmoothed beam is shown in (a), and of a smoothed beam is shown in (b). The upper figures are
density plots where the highest intensity is shown by the darkest regions; the lower figures are 3-dimensional
plots of the same profiles. The large spatial variation shown in (a) is replaced by speckle as shown in (b).

One disadvantage of using RBPPs in the present configuration is that only --80 percent of the
incident energy is present in the central peak of the far-field pattern as a result of the step profile of
the elements. This percentage may be increased by using properly shaped prof'des. Also, the intensity
in a given speckle can be several times larger than the average intensity at the location of the speckle,
leading to pump-induced damage.

P. Lacovara M. Geiss
K.F. Wall K. Krohn

R.L. Aggarwal B.J. Felton

2.3 PASSIVELY MODE-LOCKED TI:AlzO3 LASER USING A NONLINEAR
COUPLED CAVITY

Short-pulse generation in a passive Ti:A1203 laser has been demonstrated. 6 The laser consisted
of a cavity containing the gain medium and frequency-se_,ective optics coupled to a second cavity of
equal length containing an optical fiber. The interferometric pulse-combining effect of the two

13
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cavities plus the self-phase modulation in the optical fiber gave stable, short-pulsed operation and no

other modulation was required.

Coupled-cavity lasers compare favorably with other lasers 7 for subpicosecond pulse generation,
including collie.ling-pulse mode-locked lasers, hybrid mode-locked lasers, synchronously pumped
lasers, and cov_apressionof picosecond pulsed-laser output using self-phase modulation followed by a

dispersive delay. The colliding-pulse laser operates at only one wavelength. The hybrid and synchro-
nously pumped lasers are used exclusively with dye lasers. Pulse compression works well with solid-
state lasers, but results in a complicated short-pulse generation scheme.

The coupled-cavity laser was predicted 8 to shorten the pulses of a mode-locked laser, and
several groups have confirmed this prediction. 9 This technique of additive-pulse mode locking 9 using
the coupled cavity is a generalization of the soliton laser. 1° In principle, the technique is relatively

simple because a nonlinear optical elemevt can be placed in a second cavity that is coupled to the
main laser cavity, allowing optimization of the main laser cavity independent of the second cavity.
Previous work with coupled-cavity lasers had required auxiliary 8"1° modulation (i.e., synchronous
pumping or active mode locking), which decreased stability and increased complexity. In the present
case, short pulses are generated spontaneously without external modulation.

The coupled-cavity Ti:Al203 laser is shown schematically in Figure 2-5. The laser without the
second cavity typically runs with a 15-percent output coupler and had an output power of 1 W, with
8 W of argon-ion laser pump radiation, in order to obtain the short pulses, the length difference

AF,GO..EA.V

Mo _ BIREFRINGENT PLATE

BS GRIN LENS _ J-]

ELECTR:CALSTABILIZATION

Figure 2-5. Schematic of the passively mode-locked Ti:Ai203 laser system. The four mirrors around the

Ti:,41zO _ crystal constitute the main laser cavity. The mirror M o is a 15-percent transmitting mirror. The
second cavay consists of the mirror M o, a beam _plitter (BS) that acts as the output coupler, a GRIN lens to
Jbcus light into the opiica! fiber, and a butt-coupled mirror.
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between the two cavities must be maintained within one-quarter of a wavelength. The length differ-
em;c wa_ siabilizcd by adjusting a piezoelectric translator to maintain a constant power in the second
cavity.

The laser generated an 80-MHz pulse train of 1.5-ps pulses with an average power of 0.25 W.
The spectrum of the pulses was significantly broader than inferred from the Fourier transform of the

pulse duration. Therefore, a grating pair was used as a dispersive delay line to shorten the pulses
down to 220 fs, which gave a pulse-bandwidth product within 20 percent of the value for a

transform-limited Gaussian pulse. The laser was tuned from 740 to 800 nm, a range restricted by the

output coupler. In principle, the laser should Oetunable over the entire lasing range, from 660 nm to

1.1 #m. The laser was very stable, with its stability limited by intensity noise on the argon-ion laser
and the feedback circuit.

A novel aspect of this work is the self-starting behavior of the mode locking. Self-starting
implies that intensity spikes occur which produce sufficient self-phase modulation in the optical fiber

to allow the laser to access the region of short-pulse operation. The likely cause of the intensity spike
is either longitudinal mode beating or the spontaneous generation of intensity spikes in the coupled
cavities, 11or both.

J. Goodberlet* S.R. Henion

J. ""7_'_* P.A. Schulz

J.G. Fujin_ -o*

2.4 PICOSECOND NONDEGENERATE FOUR-WAVE MIXING

IN SEMICONDUC£OR WAVEGUIDES

Optical nonlinearities in GaAs-based heterostructures are being considered for applications in

integrated optoelectronics and all-optical information-processing devices. In general, these applica-
tions involve the propagation of one or several beams through the device, often in waveguide
configuration whose geometry can affect the phenomena significantly. 12This work is an experimen-
tal investigation of the effects of nonlinear optical processes on the propagation of radiation it,

GaAs/AIGaAs waveguides, utilizing picosecond laser pulses with peak intensity up to 108 W/cm 2.

Two ultrafast X(3) optical nonlinear phenomena are observed in this study which involves the

propagation "_ftwo picosecond light pulses with frequencies toI and to2, both below the absorption
edge, in an AIGaAs single-mode waveguide [Figure 2-6(a)]. The most prominent nonlinear effects are

the generation of four-wave-mixing signals at 2toI - to2 (and 2to2 - tOl). The other nonlinearity is the

phenomenon of optically induced loss of optical throughput. The four-wave-mixing process can be
hypothesized as arising from either one of two mechanisms [Figure 2-6(b,c)]: a nonresonant coherent

anti-Stokes Raman scattering (CARS), or virtual two-photon absorption with difference-frequency

generation.13,14 The conversion efficiency of the four-wave-mixing process is as large as 0.5 percent.

Time-resolved spectra, shown in Figure 2-7(a), indicate a truly ultrafast process with zero back-

ground and complete recovery. When .he four-wave-mixing amplitude is plotted vs the detuning

• MIT Department of Electrical Engineering and Computer Science and Research Laboratory of
Electronics.

15

1990014845-035



CON°°C.20)2- 0)1 0)1 t,_. "'_'" oAMrt

.... 0)2

pm 2 0)1 - 0)2 A 0)1 ....

....
0)1 0) 1 20)1- 0)2

20)1- o)2

! • _ . 0)I

• AIo.2Gao.sAs _ _ _' VALENCE
0)1" / _ _ ! /_

0;2 CLADD!NG:AIo26Gao74As_O_//_'//_' _, / BAND
• • ¢O i

(a) (b) (c)

Figure 2-6. (a) Experimental configuration, (1o) a CARS process in which the material is excited at oJ! - os2,

and (c) a two-photon process in which the material is excited at 2_/.

energy'fi(_oI - oJ2)for the case where all waves are in TM modes [Figure 2-7(b), curve TM], there are
no prominent resonance features, and the curve appears to be determined by the phase-matching

term AkL : (2nlo01 - n2oJ2 - n3_o3)L/c, where ni is the waveguide effective index at frequency oJi,

¢03= 2(o I - oJ2,and L is the length of the waveguide. The peak at coI - ¢o2 _ 0 corresponds to Ak _ 0,
and the dip indicated by the arrow marks the first Maker fringe when AkL _ 2rr. In contrast to the

bulk, for a single-mode waveguide there is no angle tuning available t6 achieve phase matching.
However, these waveguides are birefringent due to their geometry and this effect can result in phase

matching for nonvanishing coI - co2. This is shown in Figure 2-7(b), curve TE, where 002and oJ3 are in
TM modes, but coI is changed to a TE mode. The new phase-matching term is given by

Ak'L = (2_,lOJl/C+ Ak)L, where z,1 is the index difference between TE and TM modes. As a result,

Ak' vanishes for nonvanishing coI - 002,in this case when 1f((oI - oJ_ = 29.4 meV. Calculation using

_'1= 7.7 × 10-4 and n(co) = n(oJl) + a_(oJ - COl),where a = 1.3 × 10-3 meV -1 yields a good fit to the
results.

By monitoring the throughput power and polarization of the probe beam co2, pump-beam-

induced absorption and birefringence were also observed in this study. Two-photon absorption was
cited as the dominant mechanism in a recent observation of ,Jltrafast optically induced change of
refractive index. 15 In the present case, the optically induced loss of throughput causes probe-beam

amplitude modulation up to 8 percent and is shown vs probe photon energy in Figure 2-8. The effect

is predominantly ultrafast, with zero thermal background, but it also has a weak long-lived tail as
shown in the inset of Figure 2-8, probably as a result of optically induced free-carrier absorption.

The strength, speed, and complete absence of any long-lived tail in the observed frequency-

mixing processes are sufficient to make an ultrafast optical AND gate. Although the signal output is

low in absolute power, the signal-to-noise ratio is excellent. On the other hand, if semiconductor

16
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0 I ! ,

i 5,; -30 -10 10 30 50

DETUNING ENERGY (meV)

Figure 2-7. (a) 2oJI - _2 signal aJ a flmction of tbe time delay between ¢_! and w2 pubes. _[¢o! i_ kept fixed at
1#80.7 meY, and wz is varied. (1o)Time-integrated 2oJ! - _2 signal vs detuning energy _(w ! - _z_ Cur_ TM:
all waves are in TM modes; curve TE: pump beam _! is in TE mode, _2 and 2oJ! - oJ2 are in TM, The arrows
mark the most viJible Maker _'i_¢s.
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Figure 2-8. Optically induced change ,4 the absorption of probe beam as afunction of probe photon energy.
The.pump frequency is kept fixed as indJcated by the arrow. Inset shows the percent change in throughput
power of the probe beam as a function of pump-probe time Jelay.

waveguides a:e to be used for intrachip multifrequency interconnects, four-wave mixing and opti-

cally induced loss must be considered as potential noise sources. These optical nonlinearities must

also be considered in designing high-power diode lasers. Device geometries more complex than

single-mode waveguide are presently being studied for their influence on nonlinear optical processes.

H.Q. Le K.B. Nichols
D.E. Bossi W.D. Goudhue
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3. MATERIALS RESEARCH

3.1 TOTAL-DOSE RADIATION EFFECTS ON PtSi SCHOTTKY-BA_RIER
INFRARED DETECTORS AND FOCAL PLANE ARRAYS

Focal plane arraysconsisting of monol;.thicaUyintegrated PtSi Schottky-barrierdetectors and
CCD readout circuitry are attracting increasing interest for thermal imaging in the 3- tc 5-/_m
spectral band. Although many potential applications would require operation in a radiation-
threatened environment, the survivability of such arrays has not been investigated in any detail. In
this report we describe a study of total-dose radiation effects on the characteristics of PtSi Schottky-
barrier detectors and 160× 244-element focal plane arrays operated at 80 K. The excellent total-do,.'e
hardness expected for these detectors has been confirmed, and operation: of tile imager arrays after
exposure to total-dose radiation of 0.8 Mrad(Si) has been demonstrated.

The array design is a slightly modified version of one originally developed at David Sarnoff
Research Center, which uses a buried-channel CCD structure.l Charges generated in each detectr,r
by infrared radiation are shifted via a transfer gate tc the channel of a parallel CCD shift regi.cter
and then read out through a serial CCD register. The buried-channel structure reduces the effects of
interface-state trapping at the Si/gate-insulator interface because carrier transfer occurs close to the
metallurgical junction of the buried channel and substrate, far from the interface. To further reduce
radiation effects, the SiO2 gate insulator of the MOS devices used in the CCD circuitry has been
replaced by a three-layer stack consisting of SiO2, Si3N4, and SiO2 layers with thicknesses of about
15, 60, and I0 nm, respectively.

For testing purposes, individual PtSi detectors that had been fabricated on the same wafers as
the arrays were cooled to --S0 K in a specially designed liquid-nitrogen dewar with a window
permitting exposure to X-ray radiation from a tungsten source in a commercial ARACOR system.
The forward and reverse current-voltage characteristics of a typical detector measured before irrad'a-
tion are shown as solid curves in Figures 3-1(a) and (b), respectively. The detector exhibits ideal
Schottky-barrier-diode behavior with a near-unity diode n factor. The reverse leakage current is low,
and the breakdown voltage exceeds 20 V. 'The device was then irradiated and remeasured at --80 K
without being allowed to warm up to a higher temperature. The dashed curves in Figures 3-1(a)
and (b) represent the current-voltage characteristics measured after exposure to total-dose radiation
of 10 Mrad(Si). The characteristicsare essentially unchanged. For comparison, tile detector photo-
current resulting from exposure to 300-K background, both before and after irradiation, is shown by
the dotted curve in Figure 3-1(b). The dark current is about two orders of magnitude lower than the
photocurrent, indicative of background-limited performance

In determining the effect of radiation on detector responsivity, a prism spectrometer was used
for measurements as a function of wavelength from I to 7 _m, with the detector again maintained at
--80 K througtlout initial measurement, irradiation, and remeasurement. Figure 3-2 shows normal-
ized responsivity vs spectrometer wavelength settings for a detector before and after irradiation to a
total dose of 5 Mrad(Si). Within the experimental uncertainty oi" 1 percent (relative), there is no
change in responsivity.
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Figure 3-1. (a) Forward and (b) reverse current-voltage characteristics of PtSi detector at 80 K

before irradiation (solid line_) and after irradiation of 10 Mrad(S 0 (dashed lines).
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Figure 3-2. Normalized responsivity vs wavelength for PtSi detector at 80 K before and after irradiation. The

normalized responsivity is the ratio of the signal from the PtSi detector to the s(_al from a pyroelectric

detector with a flat spectral response, normalized to the highest measured value of this ratio.
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The observed insensitivity of the PtSi detectors to total-dose radiation appea-s to be an intrinsic

property of Schottky-barrier diodes. The PtSi, which is metallic, is expected to be unaffected bv

radiation because defect annealing occurs readily in metallically bonded structures. 2 Although radia-

tion produces defects in the Si substrate that can significantly degrade the minority-carrier lifetime,

these defects will not have an appreciable effect on detector performance because generation-

recombination current in the space-charge region of Schottky-barrier diodes is many orders of
magnitude lower than the thermionic emission current.

Total-dose radiation has a much stronger effect on MOS devices than on the PtSi detectors.

Figures 3-3(a) through (c) show the results of high-frequency capacitance-voltage (C-V) measure-

ments made before and after irradiation to a total dose of 1 Mrad(Si) on MOS capacitor structures

fabricated together with the focal plane arrays. The capacitors were tested, irradiated, and retested at

80 K without being warmed to higher temperature. The poly-Si gate for the MOS devices was biased

at VG of either -10, 0, or +10 V during irradiation. As shown in Figure 3-3, the flat-band voltage

shift AVFB is largest for VG = -10 V and smallest for VG = 0 V. In all cases, the AVFB values are
substantially less than the shifts observed for capacitors fabricated with conventional nonhardened

SiO 2 gate insulators or SiO2/Si3N 4 insulators with relatively thick (>40 nm) SiO 2.

The radiation sensitivity of conventional MOS devices results primarily because the probability
of carrier trapping in the gate oxide is much higher for holes than for electrons, oo that the

generation of hole-electron pairs by radiation results in the trapping of net positive charge. There are

three principal reasons for :he reduction in radiation sensitivity achieved by using the SiO2/Si3N4/

SiO 2 gate dielectric. First, reducing_tbe thickness of the oxide layer decreases the number of hole-
electron pairs, and therefore the concentration of trapped holes, produced by a given dose of

radiatioa. Second, a significant fraction of the radiation-generated electrons are trapped at the

Si3N4/SiO 2 interface, wherc they partially neutralize the holes trapped in the SiO 2. Application of a
negative gate bias during irradiation tends to sweep electrons inte the underlying Si, and therefore

reduces electron trapping at the interface. Consequently, the magnitude of AVFB produced by

70 I I | I I I 1 1 I 1 1 1 I I l I I I'_ "-T-"T'- I I I I I I I

(a) vG=-1o v (b) vG=o v (_,) vG= L�d�v
DURING IRRADIATION
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Figure 3-3. High-frequency C- II characteristics of MOS capacitors at 80 K h£fore irradiation (solid lines)

and after irradiation of I Mrad(Si) (dashed lines). The gate vohage I/G applied to tho capacitors during

irradiation and the flat-hand vohage shift A V FB are indicated.
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irradiation is larger for a negative bias than for zero bias, as shown in Figure 3-3. Third, the net

charge that is trapped in the Si3N4 is relatively small, because the probabilities of electron and hole

trapping are approximately equal, so that the trapped holes and electrons neutralize each otEer.

To study the effect of total-dose radiation on CCD operation, the serial-channel CCDs of 160 ×

244 arrays were irradiated and tested at 80 K. The CCDs have an electrical input for injection of a

bias charge or "fat zero. ''3 To simulate the 300. K background signal, a bias charge corresponding to

--20 percent of the full well capacity was injected, and charge transfer efficiency (CTE) was measured
with this level of bias charge. Because of carrier freezeout, the CTE is reduced to 0.9998 at 80 K

compared with the room-temperature value of 0.99995. Figure 3-4 shows CCD transfer inefficiency,
defined as (I-CTE), as a function of total dose. The transfer inefficiency remains nearly constant at

dose levels below 0.1 Mrad(Si) but increases somewhat at higher levels. This increase is probably

caused by effective changes in the operating points due to the threshold voltage shift. For an

exposure of 0.8 Mrad(Si), a reduction of 30 to 40 percent in output signal level was observed, but the
CCDs remained operational without any changes in operating bias.

For radiation testing of the 160 × 244 imager arrays, each array is mounted in a 32-pin ceramic

package with a hole in the base to permit back-side illumination. The packaged array is mounted in

the liquid-nitrogen dewar and cooled to 80 K during irradiation. However, the array must be

warmed up to room temperature before being transferred to a benchtop system and cooled to 80 K
for imager testing. Since annealing of radiation-induced damage may occur at room temperature, the

imager performance results should be considered as preliminary.
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Figure 3-4. CCD transfer inefficiency as a function of total hose for the serial CCD shift register

of a 160 X 244 array.
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Figure 3-5(a) is a high-contrast photograph of the thermal image of a 10-K 4-bar te : pattern
obtained, without any uniformity correction, with an array before irradiation. The _ aazer was

operated at a frame rate of 60 Hz with an f/2.35 lens. Figures 3-5(b) and (c) are images of the same

pattern after the array had been irradiated to total doses of 0.2 and 0.4 Mrad(Si), respectively. These
images were obtained without any adjustment of bias voltages ,_'nthe CCD readout circuit. The

image quality degrades somewhat at 0.4 Mrad(Si) because of degradation in CTE and background
uniformity. Following 0.8-Mrad(Si) exposure, the 4-bar pattern (not shown) is still discernible

although the signal is considerably reduced. These initial results encourage us to believe that high-
performance PtSi imagers survivable in natural and certain enhanced radiation environments can be

developed for many system applications.

B-Y. Tsaur G.A. Lincoln
J.P. Mattia D.F. Kolesar

C.K. Chen R.W. Mountair,
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4. SUBMICROMETER TECHNOLOGY

4.1 ALUMINUM OXIDES AS IMAGING MATERIALS
FOR 193-nm EXCIMER-LASER LITIIOGRAPHY

The unique properties of excimer lasers, namely their short wavelength and high peak power,
will allow many new materials to be used as photoresists for excimer lithography. 1 For instance,

inorganic thin films such as metal oxides are candidate resists, and their extremely high etch resis-

tance in an oxygen plasma allows even very thin (less than 100 nm) films to be used as masking

layers in bilayer schemes. In this work we examine the suitability of one such compound, AIOx, as a
self-developing material for 193-nm excimer lithograt_hy.

For our bilayer resist scheme, AIOx films are deposited on top of amorphous carbon (a-C:H)
planarizing layers. Typically, a 1-/_m-thick carbon layer is deposited in a parallel-plate plasma

reactor using l-butene as the source gas. 2 These layers can be etched by reactive ion etching (RIE)

in oxygen with a select'.vity better than 40 to 1 with respect to an AIO x etch mask.

The AIO x films are deposited by ion-beam deposition, e-beam evaporation, or sputter deposi-
tion. The film composition is analyzed by Auger electron spectroscopy and X-ray photoelectron

spectroscopy (XPS). Because of uncertainty in the AI and O sensitivity factors for these A10 x films,
the x's obtained from the data should be viewed as relative values rather than absolute atomic
concentration ratios.

The film composition is independent of the deposition technique, ana depends only on the rates

of arrival of the deposited material and the reactive gas species at the substrate surface. By control-

ling the oxygen background pressure and the deposition rate, AIOx films with compositions varying

from metallic to fully oxidized AI can be formed, as shown in Figure 4-1. The arrival rates of oxygen

and A1 are calculated from the oxygen partial pressure and the AIOx deposition rate, respectively.
The amou,at of oxygen incorporated in the film increases with the ratio of oxygen to AI arrival rates
at the surface. With a low partial pre_g'_areof oxygen and/or fast deposition rate, the film is metallic

AI. With a high oxygen partial pressure and/or low depositkm rate, fully oxidized AIGx is formed as

long as the oxygen arrival rate is more than 20 times the AIO x deposition rate.

In the intermediate range where the oxygen arrival rate is between 1 and 15 times the A10 x
deposition rate, partially oxidized AI films are generated. The AIOx films deposited under these

conditions show two AI Auger peaks, with the metaUie AI peak at 67 eV and the oxide peak at

55 eV. The ratio of the peak heights of oxidized to metallic AI varies depending on the ratio of

oxygen to AI arrival rates. The presence of both metallic AI and oxide in the films is also verified by
XPS which shows an AI peak at 71 eV and an oxide peak at 74 eV. Sach films also act as good
imaging layers when exposed to 193-nm excimer laser light.

The AIO x films are exposed in a self-developing mode with a 193-nm excimer laser in projec-
tion. The single-pulse self-development fluence in air varies from 20 to 1000 mJ/cm 2, depending on

the film thickness, the hardness of the a-C:H layer underneath, and the composition of the film. The
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Figure 4-1. Atomic compositions of AlO x obtained from Auger measurements as a function of the ratio of
oxygen to A! at, ival rates. The data include films formed by ion-beam deposition, e-beam evaporation, and
sputter deposition. The shaded area represents films that contain a mixture of ,4l and oxide; these prove.de
good imaging quality at 193 nm.

effect of the film composition on the fluence necessary for self-development is attributed mainly to
changes in the optical propertiesof the fdms. As shown in Figure4-2, the one-pulveself-<levelol_ent
threshold energy Eth is similar for films with different compositions when the film reflectivity is
taken into account. These AIOx layers are typically 50 nm thick and are prepared by ion-beam
deposition with a partial pressure of 0 2 varying from 2 × 10.6 to 9 × 10-5 Torr. The AiOx film
reflectivity at 193 nm variesfrom 60 to 6 percent as the fdm composition iv changedfrom A1to fully
oxidized AIOx. Although the absorbed fluence (after correctionfor the film reflectivity) requiredfor
self-development does not change ::_,,chwith fdm composition, other lithographic properties are
strongly dependent on the composition. In particular,good _dhesion and submicrometerresolution
are obt_ned only with partially oxidized AIOx. The self-development process of AIOx is highly
nonlinear with fluence, and these films cannot be patterned by using multiple pulses at a lower
fluence. The imaging contrast of AIOx at 193 nm is found to be around 4.3 for one-pulse exposures.
Dreyfus et al. suggested3,4 that self-developmentof sapphireusing 193-rimexcimer laser is a photo-
chemical etching process as it takes place at about 600 K, a temperaturewell below that necessary
for thermalevaporation. Ou_"estimates of the temperaturerise at threshold for self-developingAIOx
thin films on a-C:H yield similar results. Taking into account the absorptivity of AIOx and the
absorption length of a-C:H at 193 nm, we calculate a temperaturerise of about 500 K. This value is
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Figure 4-2. One-pulse self-development threshold energy Eth and reflectivity of ion-beam-depo_'ited AlO x
films as a function of the partial pressure of 0 2 during deposition.

an upper limit, since our calculations neglect the thermal diffusivity of the a-C:H fi],m. We conclude

that the mechanism of 193 "-i.nduced etching of AIO x thin films has a domil_ant photochemical
r onthermal compone,-" a wide range of stoxchiomctries.

Figure 4-3 shows the patterning of an AIOx/a-C:H bilayer :esist. A _,0--r_.<Mck AIO x film is

deposited on top of the 1.3-/_m-thick a-C:H layer by ion-beam deposition. _'l_e AtC x imaging layer is
self-developed using 193-nm excimer laser projection exposure with 36× reduction and a numerical

aperture of 0.5. The fluencc is 528 mJ/cm 2. Following cxposuce, the pattern is transferred into the

a-C:H layer' by .O2 RIE, producing post:, typically 0.25 #m _ide and 0.5/zm deep, but some as
narrow as 0.l ,':m.

In summary, the A10 x layers that provide good imaging qua2hy have a mixture of metallic A!

and oxide. The single-pulse sclf-oevelopment fluencc is similar tbr films with different compositions

when the film reflectivity is taken into account. Features as smail as 0.I /_m can be patterned on

these films in proiection, and transferred through a 1-um-mick a-C:H underlaycr with vertical
profiles.

S.W. Pang R.B. Goodman
R.R.' Kunz M.W_ Horn

M. Rothschild
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Figure 4-3. Scanning electron micrograph of AIO x on top of a-C:H. The AIO x layer was patterned in air
with one pulse of 528 mJ/cm 2 using a 193-nm excimer laser. The a-C:H layer was reactive-ion etched in 02
at 250 V.

4.2 PLANARIZING a-C:H AND SiO2 FILMS PREPARED BY BIAS ELECTRON
CYCLOTRON RESONANCE PLASMA DEPOSITION

The topography introduced by multilevel interconnection schemes has been shown to cause

problems both because of depth-of-field limitations during lithography and because of step-coverage

requirements in metallization. Low-temperature (<400°C) dry planarization techniques are advan-

tageous owing to the need to use aluminum and, more generally, the desire to minimize the thermal
budget, as well as reliability and environmental concerns associated with wet processing. We report

here the room-temperature bias electron cyclotron resonance (bias-ECR) plasma deposition 5,6 of
both carbon- and silicon-based planarization materials.

The bias-ECR system consists of a 2.45-GHz microwave power supply, an ECR cavity, two

electromagnets with adjustable spacing and power, and a substrate stage connected to a 13.56-MHz

RF power source. Gases can be introduced into the cavity directly and just above the substrate

through a dispersing ring. For the films described in this report, Ar and N20 are introduced directly

into the ECR cavity, while the hydrocarbon gases and the 5-percent Sill 4 diluted in N2 _,re intro-

dt, ce_ _hrough the dispersing ring.

The flexibility of the bias-ECR planarization technique is demonstrated by depositing planariz-

ing amorphous hydrogenated carbon (a-C:H) films from both 1-butene (C4H8) and 1,3-butadiene

(C4H6). Figures 4-4(a) through (c) show a sequence of cross-sectional scanning electron miccographs
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OXIDESTEP
(Height)

(a) 0.34_m

(b) 0.63 __m

(C) 0.92 i_m

Figure 4-4. Sequence of cross-sectional scanning electron micrographs showing the change in planarization

with aspect ratio for an a-C:H film deposited on oxide substrates with step height of(a) 0.34, (b) 0.63, and

(c) 0.92 _m.

which illustrate how oxide featt, res with various aspect ratios are planarized. Thermal oxide grown

on silicon substrates to a thickness of 2 #m is patterned by RIE in CF 4. For a 1.6-_m-thick a-C:H

film, planarization is nearly complete for steps 0.34/_m deep and 1.5 tzm wide, as shown in Fig-

ure 4-4(a). Figure 4-4(c) shows better than 95-percent planarization for the features with aspect ratios

of approximately 1. This particular film is deposited using 10-sccm C4H 8 and 144-sccm Ar at a total

pressure of 5.7 mTorr. The RF power is 300 W and the dc bias is 300 V. The microwave power is

750 W, and the electromagnet power is 3 kW for the top magnet and 2 kW for the bottom magnet.

For these conditions, the deposition rate is 40 nm/min. The etch rates of these a-C:H films in 0 2

RIE at 250 V are about 20 nm/min, comparable to hard-bak,_.d photoresist. Planarizing a-C:H layers

could be deposited on top of a high-quality ECR-plasma-deposited conformal dielectric (SiO 2 or

Si3N4) as a dry alternative to spin-on-polymer/etchback planarization techniques.

SiO 2 planarizing layers are deposited from Ar, N20, and 5-percent Sill 4 diluted in N 2. The film

thickness and index of refraction are measured ellipsometrically at 632.8 nm. The deposition rate

increases and the refractive index decreases with increasing N20 and Ar flow rate. The increase in

deposition rate with N20 seems to indicate that an increase in available oxygen results in a faster

deposition rate, and that the rate limiting factor for oxide deposition at a preset dilute Sill 4 flow rate
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(e)

(b)

(c)

Figure 4-5. Cross-sectional scanning electron micrographs of y_narizing oxides deposited on 0.9-1on silicon
steps of varying a_'pect ratio for three different deposition conditions. For all three films, the ECR power was
/50 Wand the silane flow _vas 100 sccm. In (a)_ the RF power was 300 W. the N;O flow rate was 72 sccm, the

Ar flow rate was 58 sccm, and the deposition time was 90 min. In (b), ihe RF power was increased to 400 W,
the Ar flow rate was increased to 87 sccm, and the deposttion time was halved to 45 min. In (c_ th_ RF power
and Ar flow rate were identical to those :,7 (a), but the NzO flow rate and deposition time were halved to
36 sccm and 45 min, respectively.
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is the availability of atomic oxygen. The increase in deposition rate with Ar could be due to an
increase in ionization efficiency fol N20 or Sill 4 caused by collisions with excited or ionized Ar

atoms. For films with a refractive index close to that of thermal oxide (!.465), there is a decrease in
refractive index with incre_.sir,g deposition rate. This is tentatively attrii_uted to a small decrease in
film density.

Figures 4-5(a) through (c) illustrate oxide planarization for fi_ms deposited on top of 0.9-#m-
deep silicon steps of varying aspect ratios under three different deposition conditions. For all thr_=
films, the microwave power is 750 W and the 5-percent Sill 4 flow rate is 100 seem. Figure 4-5(a)
shows :>95-percent planarization for Si features 0.9 #m deep and <1.5 #m wide using a film 2.3 #m

thick. For this film, the Ar flow Late is 58 seem, the N20 0ow rate is 72 seem, the RF power is
300 W, and the deposition time is 90 rain. The film thickness needed for plan_rization can be

adjusted by carefully balancing the etch rate with the deposition rate, as illustrated in 1=,gures 4-5(b)
and (c). The planarization in Figure 4.-(b) is accomplished using the conditions described for the
oxide of Figure 4-5(a) except that the Ar flow rate and the RF power are increased. The result is a
thinner oxide and a shorter planarization time (45 rain). Figure 4-5(c) shows an even thinner
planarizing film deposited for 45 min under th_ same conditions as listed for F;gure 4-5(a) except
with a lower N20 flow rate. These films are characterized using Auger electron spectroscopy and
found to have stoichiometry indistinguishable from that of a thermally grcwn gate oxide. The index
of refraction for these films ranges from 143 to 1.47 as measured by an ellipsomete,, and the etch

rates in buffered HF are found to be abou) 21 nm/min as compared with a thermal oxide whose etch
rate is 15 nm/min.

Bias-ECR plasma deposition offers several advantages over bias-sputtered deposition 7 or bias
chemical vapor deposition (bias-CVD) 8 for planarization. As demonstrated in Figures 4-4 and 4-5,

bias-ECR plasma deposition is able to planarize submic-ometer surface topography containing
features of both high and low aspect ratio without void formation, which is much more difficult to
achieve with the other two techniques. The absence of voids in the ECR-deposited filmr is a.

consequence of the nar' -,w divergence of ions and depositing species resulting from low deposition
pressures. Another advantage of bias-ECR plasma deposition is that the time required ;or planariza-
tion is shorter than that in bias-sputter deposition or bias-CVD planarization )echniques because of

the enhanced dissociation of reactive species a:ld the increased flux of ions available for etching. In
addition, as shown in this report, bias-ECR plasma deposition enables planarization of a wide range

of materials, even as different structurally and chemically as a-C:H and SiO2.

In summary, a-C:H planarization layers have been deposited at room temperature. Oxide and
aluminum features 1 #m deep by 2 #m wide are planarized to less than 50 nm in height using
1.2-#m-thic_ films. Planarizing SiO2 layers have been deposited over a variety of substrates, with
the same stoichiometry as thermally grown gate oxide. Films nominally 1.5 ;_m thick can reduce

800-nm-deep topography to less than _0 nm for lines as wide as 3 _m. The de_ositien time and film
thickness necessmy for planarization of a feature of given aspect ratio can be tailored by varying the
deposition conditions, including gas composition, pressure, microwave power ana coupling, electr_-
magnet power and position, and RI=power applied to the substrate stage.

M.W. Horn M. Rothschild

S.W. Fang G.A. Ditmer
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4.3 ELECTRICAL, CRYSTALLOGRAPHIC, AND OPTICAL PROPEKTIES
OF ArF-LASER-MODIFIED DIAMOND SURFACES

Carbon can exist in several condensed phases. One phase, diamond, is transparent, insulating,
and chemically inert. 9 In contrast, graphite and graphite-like phases are opaque, conductive, and

chemically more reactive. I° Carbon can be transformed between these phases by the application of

heat and pressure. Laser radiation has been used to produce these transformations. This report
contains a discussion of ArF-laser modification of a diamond layer into a composite structure of

diamond and graphite-like phases which has some of the characteristics of both diamond and

graphite.

These layers ha_= been characterized using electrical, optical, and crystallographic techniques.

The thickness of the layers was determined to be 40 to 60 nm from conductance measurements as a

function of etch depth, as shown in Figure 4-6. The resistance was found to be anisotropic. The low
resistance was measured to be 4 to 10 × 10-4 fI cm along one of the <110> in-plane axes, and the

high in-plane resistance was found to be 59¢ from the direction of low resistance, as shown by the
inset in Figure 4-6. The <110> axes are expected to be equivalent for {100}-oriented substrates, but

this is not the case experimentally. The axis of low resistance is not defined by polarization or angle

Figure 4-6. Conductance of the modified diamond layer on {lO0}-oriented substrates in the low resistance
direction as a function of etch depth. Ion-beam-assisted etching was used to etch the modified layer. The inset
shows the typical resistance of the layer as a./'unction of angle relative to one of the in-plane <I10> axes. The
solid circles are the data, and the solid lines are guides to the eye.
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of incidence of the laser radiation, but presumably is determined by some property of the substrate.
When the surface of type IIb (semiconducting) diamond is modified, the layer forms an ohmic
contact to the diamond.

The modified surface of natural type IIa or IIb diamond will polarize both the transmitted and
reflected radiation. A minimum in transmittance is obtained when the electric vector of the incident

optical radiation coincides with the direction of minimum dc resistance. The ratio of maximum to

minimum transmittance as a function of photon energy is shown in Figure 4-7. When the modified

regions are examined under polarized visible light, maximum reflectance is observed when the

polarization is adjusted for minimum transmittance. These results are consistent with the transmit-
tance and reflectance of wire-grid and graphite polarizers. However, wire-grid polarizers become
inefficient for wavelengths less than l #m (see Reference l l), while the degree of polarization of

modified diamond layers increases toward shorter wavelengths down to 250 nm. Backscattering

Raman spectroscopy, using 514-nm radiation from an argon-ion laser, shows only the 1332._m-l
kaman line of diamond, which is thought to originate primarily from the diamond substrate.

ArF-laser-modified layers on {100} substrates have been characterized by transmission and
reflection electron diffraction as well as transmission electron microscopy. For the transmission
experiments, the substrates with modified layers were thinned from the back by laser ablation and

WAVELENGTH (pm)
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Figure 4-7. Ratio of the maximum to minimum trc,nsmittance of linearly polarized radiation through the

modified layer on {100} substrates as a function of photon energy and wavelength. The solid circles are the
data, and the solid line is a guide to the eye.
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ion-beam-assisted etching. Electron-diffraction patterns indicate that the modified layers are a mix-
ture of diamond and unidentified carbon phases. The first-order diffraction patterns from the modi-
fied material correspond to lattice spacings of 0.123, 0.305, and 0.334 nm, with a +0.003-rim uncer-
tainty. The diffraction patterns of the diamond, the other phases, and double diffraction o1 this

mixture always appear together when the electron beam is normal to the {I001 diamond planes. This
implies that the modified layer is a composite structure of diamond and other phases. When the

sample is rotated about the [110] axis, diffraction of the other phases disappears, indicating that

these phases are epitaxial to the diamond. In some of the laser-modified samples examined by

transmission electron diffraction, the 0.334-nm lattice spacing was not present. Reflection-electron
diffraction, which probes only the first few nanometers of the surface, shows the diffraction pattern

of only diamond. This suggests that the t_rst few nanometers of the modified surface consist primar-
ily of diamond. Bright- and dark-field transmission electron micrographs of a laser-modified dia-
mond surface are shown in Figure 4-8. In dark field, the modified regions appear as lines parallel to

one of the in-plane <110> axes and perpendicular to the direction of lowest resistance.

The non-diamond phases are believed to consist primarily of a compressed epitaxial graphite-
like material that is stabilized by the presence of diamond. It is unaffected by additional ArF-laser

radiation. Even when encased in a protective polymer layer and held at 1200°C for 1 h or at 1800°C

for l0 s, the modified layer is still preset' after the carbonized polymer is removed in hot H2SO 4 and
CrO 3 solution.

I_, lOOnm .._1

I_' "-I
BRIGHT FIELD DARK FIELD

Figure 4-8. Bright- and dark-field transmission electron microgral_hs of laser-modified {1001 diamond. The
inset in the bright-field micrograph shows the electron diffraction pattern and the portion of that pattern used
to form the dark-field image. Transmission electron micrographs of the unmodified diamond used in these
experiments show no defects except for a very occasional dislocation.
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In summary, the laser-modified layers can be important as stable ohmic contacts to type IIb
diamond. They can withstand 1800°C, arid are not attacked by either helium-oxygen plasma or hot

H2RO4 and CrO 3 solution. The me_Lf;,.ed!ayers h....... ;o,;,,;,,, _c ,:,_ _,,,^_ _ wmAA_,_," A'_O4_,AVA;.V U_. Ln.l_ Ol_.,J_'l Of ,IV1/_JI" bill..... _.IIU'I ._.'11

polarize light. Transmission electron diffraction indicates that they are composed of diamond and

graphite-like material.

M.W. Geis K.A. McIntosh
M. Rothschild N.N. Efremew

R.R. Kunz J.J. Zayhowski
R.L. Aggarwal D.J. Ehrlich
K.F. Wal.1 J.E. Butler

C.D. Parker
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5. MICROELECTRONICS

5.i CCD CAMERA DEVELOPED FOR WAVEFRONT-SENSOR APPLICATIONS

Charge-coupled-device (CCD) cameras have been built for use in z Hartman I wavefront sensor
in an adaptive optics system. This particular application required two important camera characteris-

tics: low noise level at high frame rates, and near-reflection-limited quantum efficiency for low-light-
level detection. A pair of such CCD cameras enabled the adaptive optics system to perform real-time
atmospheric compensation with photon-limited noise statistics down to light levels as low as

3000 photons per pixel at 488 nm.

Figure 5-1 is a photograph of the CCD camera. The camera consists of a focal-plane board and
a camera chassis. Separation of the camera into two parts allows the focal-plane board to be inserted
easily into the optical path of the signal. Also, the camera chassis containing the heat-generating

Figure 5-1. Photograph of the CCD camera showing the focal-plane board on the left and c-m_a chassis on
the right. Both front and back views of the focal-plane board are shown.
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electronics can be placed far enough away to avoid unwanted distortion to the incoming wavefront.

The focal-plane board contains a back-illuminated 64 × 64-pixel frame-transfer CCD imager 2 for
,;,,.,_,_1 A,_tar.t;nn Alert nn tho hn_rd ara e.lne.k drivers for the imaain_, frame-store, and outout

register arrays, output preamplifiers to raise the signal above the noise level of following electronics,
and a thermoelectric cooler to stabilize the CCD temperature. Contained in the camera chassis are

the timing logic, correlated double-samplers, A/D converters, reformatting memory, power supplies,
and variable-gain amplifiers. The camera system is able to drive the CCD at 2000 frames per second
while keeping the noise low at 35 noise-equivalent electrons rms. This frame rate allows the optics to
adapt to distortions of a wavefront with response times of the order of a few milliseconds.

Back illumination maximizes quantum efficiency by giving essentially a 100-percent fill factor

for photon capture and providing a planar surface for efficient application of antireflection (AR)

coatings to minimize reflection losses. Details of the processing necessary to fabricate thinned back-
illuminated imagers have been described previously.3, 4 Figure 5-2 shows the quantum efficiency vs
wavelength for a back-illuminated CCD imager with an AR coating optimized for wavelengths
between 600 and 700 rim. The maximum quantum efficiency achieved (88 percent) is influenced by

the AR coating chosen. Sputtered silicon dioxide was used for the AR coating on the present device
because of availability and ease of processing. An ideal coating would have an index of refraction of

2.0, which is the geometric mean of silicon and air. The index of refraction of silicon dioxide is

approx-,aately 1.49 over the wavelengths of interest.

_o I I I I I I I
BACK ILLUMINATED,WITH

N IMPLANT, LASER ANNE._.
c

80

O
Z 60
N

m 40

_ 20O

0 _
300 500 700 900 11O0

WAVELENGTH(rim) _

Figure 5-2. Quantum efficiency vs wavelength for the 64 X 64-pixel CCD imager for both back

and front illumination.
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One further advantage of back-illuminated CCDs for a Hartman-sensor application is the
smooth interpixel and intrapixel spatial response to _ point source of light. The smooth response is
the result an unobstructed omical path to the point of det:ction and a planar .qurface for ent_ of the

light signal into the CCD, and is required for the implementation of the piecewise-linear fitting
algorithm used for the Hartman-sensor output data. Interpixel signal variation is less than
+4 percent for an imager uniformly illuminated by 500-rim-wavelength light.

Figure 5-3 shows the configuration of a Hartman sensor. 1 The CCD camera serves as the two-

dimensional detector array in the sensor. The local wavefront at each lenslet of a 16 X 16 array is
focused onto a 4 X 4-pixel subaperture on the CCD imaging array. A change in phase gradient of

ARRAY OF LENSLETS

IN ENTRANCE PUPIL

!-D DETECTOR ARRAY

IN FOCAL PLANE
IO o

TO PROCESSOR

(_ __ _ _ AND DIGITAL

_ ,_ECONSTRUCTOR*.

_. INCOMING ith SU?tPE)RTURE _ O" (0"_,0_WAVEFRONT

Figure 5-3. Configuration of the Hartman sensor.

the incoming wavefront across the lenslet array is detected by the displacement of the focused spot
centroid from the center of the 4 X 4-pixel subaperture. The focused spot position is used to
calculate a local phase gradient from which the phase can then b_. extracted. The x and y phase

gradients are measured simultaneously on separate cameras in order to increase the frame rate t_y a
factor of four. In each camera, the 4 X 4-pixel subaperture is reduced to a 4 X I-pixel array by
summing together the pixels in the direction opposite to the measured phase gradient. Output from
the Hartman sensor is used in an adaptive optics system to correct for disturbance's in the incoming
wavefront. Figure 5-4 gives the tilt noise vs photons per subaperture for the Hartman sensor. Local
distortion in the wavefront can be detected only if it is above the tilt noise, which is a function of the
camera noise and the Poisson noise of the light signal.

R.K. Reich B.W. Johnson

W.H. McGonagle J.C. Twichell
C.M. Huang H.T. Barclay
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Figure 5-4. Tilt nobe vs photon._ per subaperture of the Hartman sensor using the CCO camera.

5.2 SURFACE-STATE DARK-CURRENT SUPPRESSION IN CCDs

The major contributor to dark current in CCDs is often the generation current produced by
surface states at the oxide-silicon interface. One method for suppressing this current in an n-channel

buried-channel CCD is to set the low level of the gate clock voltage to a value that causes the surface

to invert.5 This means that a layer of holes is formed at the surface under those gates that are set to
their low state. A high density of surface holes suppresses the emission of electrons into the conduc-
tio.a band from midgap states. However, in three- and four-phase CCDs at least one gate must be at

a high level (and the surface under it therefore not inverted) ia order to store charge packets. Because
of this, it is widely believed that complete suppression of surface-state dark current is not possible in
these devices without resorting to special techniques such as selective implants. 6 We will describe
here a new technique for suppression of surface-state dark current which relies on the dynamical

properties of the semiconductor surface and can be applied to a CCD without physically modifying
the device.

The technique to be described is based on the time dependence of the generation rate at surface
states after a surface has b_en switched from inversion to depletion. 7 For a depleted surface, ff.e

electron generaticn rate for states at energy E in the forbidden gap G(E,t) is given by

G(E,t) = en(E) nss(E,t) (5-1)

where nss(E,t) is the density per unit energy per unit area of filled surface states, and en(E) is the
electron emission rate for a state at energy E. When the surface is inverted, nss = 0 over essentially
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the entire bandgap, and the generation current is negligible. However, for a depleted surface, nss is

determined by electron and hole emission by the surface states, and the following rate equation

--r'r" .....

dnss

dt - ep(Nss - nss) - ennss (5-2)

where Nss is the density per unit energy per unit area of surface states at energy E, and the electron

and hole emission rates en and ep are given by

en - OnVthniexp[(E - Ei)/kT ] (5-3)

ep = OpVthniexp[-(E - Ei)/kT ] (5-4)

In these expressions, an and op are the electron and hole capture cross sections, Vth is the carrier
thermal velocity, ni is the intrinsic carrier concentration, and Ei is the intrinsic energy. The energy
scale is chosen such that E - 0 corresponds to the valence band edge. Equation (5-2) is solved subject

to the initial condition that nss(E,0) - 0, and the resulting expression for G is

G(E,t) 2 2 [1 - exp(-Pt)]
= OnOpVthniNss p (5-5)

where

P(E) = nivth {epeXp[-(E - El)! kT] + onexp[(E - Ei)/ kT] } (5-6)

Figure 5-5 is a plot of the function G normalized to its peak value at t -- 0%for the case where

Nss is independent of E, and illustrates the well-known fact that states lying near midgap are the
dominant sources of free-carrier generation. The important feature of this plot for CCDs is that the

generation rate requires several milliseconds at T - 300 K to recover to its steady-state value. This
suggests that carrier generation can be suppressed to a low value in a CCD by periodically shuffling

the charge packets back and forth between gates within a cell, provided each gate holds the charge

for a time that is short in comparison with the recovery tim_.

We have performed measurements on a CCD that confirm the theory described above. The

device is a 420 )< 420-pixel, three-phase, triple-polysilicon imager which has been described in detail

elsewhere. 8 For the device used in the measurements, a gate voltage below -4 V was sufficient to

invert the surface, and gdte voltages of -7 _'ad ,2 V were used for the low and high levels. The

measurement procedure consisted of holding phases 1 and 3 low (in inversion), while phase 2 was
high and collected dark current. Periodically, the charge would be transferred to phase 1 and then

returned to phase 2. During this transfer, the surface under phase 2 would momentarily invert and

the generation rate would be forced to zero. After the transfer, the pha_c 2 surface would return to a

depleted condition and the generation process would begin its recovery. We measured the average
dark current JD at various temperatures as a function of the time between transfers, and the results
are shown in Figure 5-6. The calculated curve is given by the following expression:

1 fT0 _q /'To leg G(E,t)dEdt (5-7)
JD = TOJ0 JD(t) dt+Jbulk TO dO J0
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Figure 5-5. Normalized surface-state generation rate vs st;rface-state energy in the forbidden gap for various
values of time after the surface is sw:tched from inversion ;o depletion. Energy is measured from the valence-
band edge.

where TOis the time between transfers, and q is the electron charge. For short values of To only the
bulk dark current Jbulk is present, while at long TOthe dark current asymptotically approaches the
steady-state value of the surface-state dark current under phase 2 plus Jbulk. It can be shown that the
integral of G(E,t) over the bandgap produces an expression containing only the geometric mean of

the capture cross sections o = _ and not the individual cross sections on and Op.The expression
for JD then contains only three adjustable parameters: the bulk dar_-current density Jbulk, the
midgap sudace-state density Nss, and the product onivth. We used vth = 1.0 × 107 cm/s, as is usually

assumed9; ni : 3.10 × 1016 Tl'Sexp(-0.603/kT) cm "3, where T and kl are in units of K and eV,
respectivelyl0; _nd treated o as the adjustable parameter. We were able to obtain a good fit between
theory and experiment at all temperatures by using Nss = 1.11 × 109 cm -2 eV-1, cr= 1.0 X 10-15 cm2,
and determining Jbulk by matching the data at small TOfor each temperature.

The results of Figure 5-6 show that this technique can substantially reduce device dark current.
For the device used in these measurements, the dark current at room temperature was reduced from

200 pA/cm 2 without the transfer process, to the bulk dark-current level of 20 pA/cm 2 with transfers
occurring every 100 #s or less. When all three phases are in depletion, the dark current increases to
600 pA/cm 2, so a factor-of-30 reduction :.sgained by eliminating surface-generated dark current. The
data also show that, as the temperature is decreased, the value of To needed to s,ppress surface-stale
dark current increases rapidly. This is a consequence of the strong temperature dependence of ni in
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Figure 5-6. Measured and c"tculated dark current from a three-phase CCD imager vs time that one phase
spends in depletion with the remaining two phases in inversion.

the function P(E) which determines the recoveryrate of G(E,t). Many scientific and militaryapplica-
tions of CCD imagersrequireoperation at low temperatures,and the results hereshow that at -40°C
the chargeshuffling need be done at rates of only 10times per second to maintain bulk-limited dark
current.

B.E. Burke

S.A. Gajar

5.3 PERMEABLE BASE TRANSISTOR TRACK-AND-HOLD CIRCUITS
i

Multiple wideband track-and-hold circuits are required to record the transient output of a

superconductive chirp-transform spectrum analyzer. This transient recorder and a high-Tc, thin-film

superconductive circuit will be integrated on a single GaAs substrate cooled to a temperature of

50 K. Each track-and-hold circuit consists of a very fast switch, a bold capacitor, and input and

output impedance buffering stages. The permeable base transistor (PBT) with its low on-state resis-

tance and fast switching speed is an ideal candidate for this application. The initial goals for the PBT

track-and-hold portion of the program are to evaluate existing PBTs as candidates for this function
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and to design, build, and test hybrid track-and-hold circuits using existing discrete PBTs to perform
input and output impedance bufferi_g functions as well as the switching function. The performance

.... _ ,, ............ s......... _ _: P_I..I,, k,_,-,A,,4,.l*h ,_ Jl__!_.I-I7 fr_nllpnr'v ra_nlntlnnspeculcauons ul tll_ _ _LltUlll allaJ.y,t.,_,l al_, ct z. u x.pAx_ ut,,. _._

and a 45-dB dynamic _ge at a 50-K operating temperature.

A basic track-and-hold circuit is shown in Figure _ 7. During the time that the switch is on, the

voltage on the hold capacitor tracks the input voltage waveform. At a particular point in time, the
switch is turned off. If the transition time of the switch between its on and off states is much shorter

than the time taken for a significant change of the input waveform, then the voltage existing on the

hold capacitor after turnoff is a representation of the input voltage at the instant the switch is turned

off. The voltage on the hold capacitor remains approximately constant during the period that the

switch is off, and can be measured or otherwise processed by circuits following the output buffer. A

typi_cal track-and-hold sequence is shown in Figure 5-8• Multiple tr"_k-and-hold circuits, which are
triggered in such a way as to provide hold voltages at N increments of time along the input

waveform, can be used to produce an N-sampled output representr, tion of the input waveform.

Candidate PBTs were characterized using a de current-voltage parameter analyzer, both at

room temperature and 50 K. Measurements of the device's on- and off-mode resistance were made

with the collector-emitter voltage both positive and negative• Typical results at 50 K obtained on

PBTs from wafer Spare 1 are shown in Table 5-1. Parameters required to define PBTs in the circuit

simulation program SPICE were obtained by _near-,egression fitting of measured de PBT character-

istics to the equations defining the MESFET model in SPICE. As is true for all three-termih..l
semiconductor devices, the internal capacitances of the P_T vary nonlinearly with terminal voltages.

For a circuit-simulation program, such as SPICE, to accurately predict the performance of a highly
nonlinear circuit such as a track-and-hold, information about this variation must be obtained. The

large-signal nonlinear behavior of the device capacitance can be determined from a series of small-
signal measurements. By making small-signal S-parameter measurements for each of a series of

INPUTs==[ INPUT I [BUFFER SWITCH% I ..J._ [ OUTPUT I--- OUTPUTBUFFER

I T Chold

I DRIVER I

DRIVE

SIGNAL

Figure 5-7. Basic track-and.hold circuit.
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Figure 5-8. Track-and-hold way•forms.

TABLE 5-1

Typical Results st 50 K for PBTs

from Wafer Spare 1

RON(VBE= +0.5 V) A. 4.5 II

ROFF (VBE= -1.6 V) > 1 M[I

Ic (VBE: -1.6 V) -- -0.2/_A
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different dc voltages on the device terminals, the variation of the internal device capacitance was

determined as a function of those voltages. SPICE simulations were used to investigate various

circuit co.,,_guration_ nne _nal of these simulations was to understand the degradation of the signal
due tc parasitic feedthrough associated with the PBT and to determine the adequacy of the present
PBT desien for thi_ track-and-hold ciccuit application. Circuit techniques for conditioning the
switch-control signal were also studied.

Two versions of a microstrip hybrid track-and-hold circuit (H 1 and H2) have been designed and
fabricated. Both were packaged in an existing test fixture which could also accommodate a super-
conducting companion circuit. The track-and-hold circuits consist o¢ three parts: the input buffer,
the switch, and the output buffer. The input-buffer circuit performs two roles. It provides a low
source resistance to the switch, and it redu_,esthe loading of the individual track-and-hold c:rcuits on
the detected output from the s,,,perconducting circuit. Circuit H1 used a res'_stivedivider to achiev¢
the first goal. Its source resistance was 5 ft, about the same resistance as the switch it, the on-r,ode.
The performance of the divider, however, varied with frequency within the tracking bandwidth of the
circuit, probably due to the lengths of transmission lines connecting the various components. This
situztion was remedied in the second hybrid circuit, H2_ shown schematically in Figure 5-9, wt. e an
emitter-.follower circuit was employed to provide both a low source resistance to the switch and a

high impedance at the input. 50-1_ microstrip lines were used to couple both the input signal and the
track-and-hold drive signal to the base of the respective PBTs. Sir_ce the impedance looking into the
base of a PBT is high, a 50-gl terminating resistance was provided to reduce the reflections on these
lines. Both H1 and H2 used a single PBT as a switch whose on- or off-:4ate is controlled by the

track-and-hold drive signal applied to the base, and both had the same output emitter-follower
buffer circuit.

+V cc J +V cc2

, OUTPUT

5c_:_F _ /I;I_ I '"- %
•"J-C ..... _l

_,RACK/HOLD

_igure 5-9. Schematic of track-and-hc'_d circuit 112.

4_

1990014845-066



The hybrid track-and-hold circuits were fabricated on 0.5-ram alumina substrates to be compati-
ble with the cryogenic fixture available; one side of the sp_,_'rate had a wraparound greund. Thin
film lesis;ors were epoxied in place and wire-ban.deal to the c,rcu,.'t. The p_nTs ,::ere soldered down

and mesh bonds connected the PBT bonding pads to the circuit. Finally, a ceramic hold capacitor

was attached to the circuit using conductive epoxy. Photographs of circuit H2 are shown in Fig-
ure 5-10.

Measurements were made on circuit H2 in the time domain with both standard and sampling
oscilloscopes. By examining the trace during times associated with the hold mode, the circuit could

be evaluated in terms of ripple due to reflections on various lines, droop, and feedthrough. The
minimum track time required was meast, r_.d to be <1 ns. Droop was not measu. _tble. Because of the

nature of the present circuit needs, feedthrough and its effect on isolation may not be an issue. The

signal to be sampled is present for approximately 38 ns, followed by a quiescent perioa of equal
time. The A/D conversion, era second sampling process, can occur during the quiescent period
when there is no signal to feed through.

Scalar measurements in the frequency domain indicated a tracking bandwidth of 2.4 GHz for

hybrid circuit H2, as shown in Figure 5-11. A dynamic range of approximately 30 dB was obtained

from spectrum-analyzer measurements shown in Figure 5-12. In addition, cryogenic measurements in

both the time and frequency donlains (spectrum analyzer) were made on H2 while it was submerged
in liquid nitrogen.

Existing discrete PBTs have been shown to be suitab',¢ candidates for use in track-and-hold

circuits and are close to meeting the performance requireJ lents for the proposed spectrum analyzer.

However, oscillations occurred for a certain range of b;as points, including biases that appeared to

be desirable operating points. The reported results were taken at nonoscillating bias points. A new
layout of the c!rcuit.. H3, will spread out circuit elements which on H2 were quite close together. This

should reduce coupling between circuit elements. Work will commence to implement a monolithic
version of circuil H3. Initial designs will use identical PBTs for switching and buffer functions.

Pecause of the cryogenic nature of the present application, power consumption is a primary

concel,. To implement a spectrum analyzer based on the proposed technology would involve per-
haps 64 identical track-and-hold circuits ope adng at 50 K. The ttlermal load due to excessive power

consumption could easily overwhelm the capacity of the cooling system. While preliminary hybrid

designs involving single track-and-hold circuits for cencept testing are able to dissipate several
hundred milliwatts of power even in a cooled envirenment, the planned monolithic circuits that will

have multiple track-and-hold cells must probably dissipate less than 10 mW per cell to be usable in a
low-capacity cryogenic cooler. This woula seem to imply that circuit complexity must be minimizcd.

Low power consumption may be the most difficult requirement to meet.

B.J. Clifton M.A. Hollis

R.H. Mathews R.A. Murphy
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(a)

(b)

Figure 5-10. (a) Track-and-hold circuit H2 m cryogenic test fixture, and (b) closeup of 1t2.
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Figure 5-11. TracJcing bandwidth of circuit/t2 in sampling mode.
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Figure 5-12. Specoum-analyzer data for circuit H2.
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6. ANALOG DEVICE TECHNOLOGY

6.1 LGW-LGSS SUBSTRATES rutt HibI-I-II_,ivJI'I_RAIURE SUFERCONDUCTORS

The newly discovered copper-oxide superconductors afford the exciting possibility of supercon-
ductor applications at liquid-nitrogen temperatures. These high-temperature superconductors (HTS)
will require compatible substrate materials for thin-film deposition if any of the envisioned electronic

applications are to be brought to fruition. In particular, microwave devices require a low loss
dielectric material with a reasonably low loss tangent and a frequency-independent dielectric con-

stant. Several candidate materials with attractive properties have appeared in the literature. The

perovskites lanthanum gallate (LaGaO3) (see Reference l) and lanthanum aluminate (LaAIO3) (see

Reference 2) provide a good lattice match to the HTS ¥1Ba2Cu3Ox (but with desirable compressive
HTS film stress), can be grown in large crystal sizes, are compatible with high-temperature film
processing, and have a good thermal expansion m_tch to YiBa2Cu3Ox. High critical current
(Jc > 106 A/cm2) films of YIBa2Cu30 x have been demonstrated on both substrate materials. How-
ever, no data have been published on the microwave properties of LaGaO3, and conflicting reports

have appeared on the microwave properties of LaAIO 3 (see References 2 and 3). Furthermore, these
perovskite materials undergo structural phase transitions at high temperature and therefore often

grow as heavily twinned crystals. The potential effects of twinning on HTS films and circuit fabrica-
tion required a close examination.

The current growth tech"ique for these materials is Czochralski, and a surface suitable for

epitaxial deposition is obtained using colloidal silica (Syton) polish. Substrates were obtained com-

mercially as 1.0-in-diam., 500-_m-thick wafers of LaGaO 3 and 1.5-in-diam., 550-pm-thick wafers of

LaAIO 3. These substrates were then cut into the 0.9 X 0.5-in rectangles required for microwave
characterization. Microwave dielectric prope_es were measured using a stripline resonator tech-

nique previously used to measure the surface resistance of YiBa2Cu3Ox films. 4 For this study,
niobium was deposited on the perovskite substrate materials. The low loss of the superconducting

niobium at 4.2 K and its known quality factor allowed the small values of the dielectric loss tangent

to be extracted as a function of frequency from the measured resonator quality factors. Since these
dielectrics do not have a cubic lattice structure, the dielectric constant may be anisotropic. Measure-

ments of the resonant frequencies of stripline resonators on such crystals, especially heavily twinned

crystals such as those used in this study, will yield an effective dielectric constant which is an average

of the dielectric constants along the principal crystallographic axes.

Values of the effective relative dielectric constant as a function of frequency obtained from such

measurements are shown in Figure 6-1. The values are essentially frequency independent with mean

values of 25.0 for LaGaO 3 and 24.5 for LaAIO 3. This result for LaGaO 3 agrees well with the
reported value at I MHz (Reference 1), but the result for LaAIO 3 is much larger than the first

reported value of 15.3 (Reference 2) and in good agreement with a value of 26.0 inferred froJn
transmission line measurements. 3 Measured values of the loss tangent are shown in Figure 6-2. The

values are in the low 10-6 range and are almost independent of frequency. The loss tangent results
demonstrate that these materials are excellent dielectrics with low loss characteristics.

53

1990014845-071



T=4.2K

-- [] LaGa03

LaAIO_
26--

"_ __ ••BB '"'_ --

24--

J

108 109 1010 1011

FREQUENCY (Hz)

Figure 6-1. Relative dielectric constant as a function of frequency for LaAlO 3 and L_GaO 3 measured at 4.2 K
with a stripline resonator.
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Figure 6-2. Dielectric loss tangent as a function of frequency for LaAIO 3 and LaGaO 3 measured at 4.2 K
with a stripline resonator.
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Twinning formation and motion of twins occur in both LaAiO 3 and LaGaO 3 because of lattice
instability and corresponding structural phase transitions. A transition from rhombohedral to cubic

takes place at 435°C in To ^lr_ .,.._ " " _.............. pi..... ,.,._,,,,,,, a transition .ore uiu,,n,u.,,v_¢ t_ rhombohedrai takes ace at

150°C .in LaGaO 3. Figure 6-3 clearly shows the twins that appear in as-grown LaGaO 3 substrates. In
order to characterize the effects of twins and twin motion on surface roughness, a high-temperature

(850°C) annealing study was performed on the polished substrates alone. Optical micrographs and

Dektak surface profiles were used to characterize the surfaces before and after annealing. The

o;

|
_ 100 _m

Figure 6-3. Photograph taken in transmitted light of a (lO0)-oriented LaGaO 3 substrate showing the twin
planes perpendicular to the substrate surface.

annealing study revealed significant twin motion and surface structure for both materials after
heating above the vhase traositions. At 850°C, steps were generated in the surface as large as 1 /_m,

but the steps were not very abrupt, having a maximum aspect ratio of 0.01 (vertical/lateral dimen-

sion). Because of the small aspect ratio, circuit fabrication should not be inhibited. Based on changes

observed witla the optical microscope, the steps appeared to correspond to regions of the crystal
where the twin planes, whose intersections with the crystal surface had initially been polished fiat,

were partially annealed out. Typical surface roughness generated by the steps was on the order of

200 nm. HTS film quality may be degraded somewhat by twin motion in the underlying substrate,

and substrate twins are reportedly replicated in HTS films, reducing the critical current of the

superconductor. 5 Twin formation has been reported to be significantly reduced in doped gallate

substrates (e.g., Lao.95Gdo.osGaO3) (see Reference 5). Doping serves the dual role of increasing the
structural phase transition temperature and pinning in place any twins that develop. 6 Current efforts

in crystal growth of these materials are focusing on doping.

W.G. Lyons
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6.2 MULTITARGET COSPUTTERING Olt ' 130x SUPERCONDUCTING FILMS

Superconducting films of YiBatCu3Ox . ,ave been deposited by multitarget cosputtering
from the elemental targets of Y, Ba, and Cum a partial pressure ot oxygen. Figure 6-4 shows a

schematic of the sputtering system. Multitarget sputtering offers the distinct advantage of indepen-

dent control over the composition of each of the components of the 123 compound. The importance

of maintaining independent control over each of the sputtering rates becomes evident when one
considers that the sticking coefficients of these elements is dependent on such parameters as substrate

temperature and type of substrate. The flexibility offered by multitarget sputtering is therefore

extremely useful in thin-film studies where control over processing variables is required.

Ba

OXYGEN
RING --'" _ : : I

SUBSTRATE

HEATER _"

Figure 6-4. Schematic of multitarget cosputtering system for deposition of superconducting

Y_Sa2Cu30 x films.

The limitations to this technique stem mostly from the reactivity of Ba and Y with oxygen. In

the presence of oxygen, the sputtering rate from the Ba target becomes small and unstable. The

sputtering rate from the Y target actua!ly approache_ zero in the presence of oxygen. In the latter

case, we believe that the large secondary-electron yield from Y203 contributes to lowering the
plasma impedance around the target to a point where the target voltage is less than the threshold

voltage for sputtering. For these reasons, it is necessary to maintain a low partial pressure of oxygen

at the target.

The three magnetron targets are operated in the RF mode, with the three power sur "s phase-

locked to eliminate the possibility ef plasma interactions between the targets. The sputte_ .nbient

is argon, typically at pressures of 2 to 3 mTorr. The substrates are heated using a raJ_.., heater
located directly below the substrate. To maintain a low partial pressure of oxygen in the chamber,

02 is injected locally near tht: substrate so that a relatively higher pressure c,f oxygen is above the

56

1990014845-074



substrate. Effective pumping by the cryopump helps to prevent the oxygen from reaching the targets,

but naturally there is a maximum pressure limit set by the system geometry and the oxygen pumping

sneed. The films are _nnealed after denn,qitinn fnr 1 h at Rcifio_ in n .... ;,_, , ....... .:.^ .L.

superconducting phase.

The etfects of substrate temperature on the dc electrical characteristics of multitarget-sputtered

123 films have been studied for substrate temperatures between 460° and 690°C. Figure 6-5 shows

the resistivity-vs-temperature curve for a sample deposited at a temperature of 680°C. The curve
shows a semiconductor-like behavior above the transition, and a rather broad transition to zero

resistance. X-ray diffraction data for this sample show the coexistence of the superconducting phase

with such unwanted phases as BaCuO 2 and the semieonducting Y2BalCulOs, also known as the
"211" or "green" phase.

6

5
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2

1

i "0 1O0 200 300

TEMPERATURE (K)

Figure 6-5. Resistivity vs temperature (p vs T) curve for Y-Ba-Cu-O film deposited at a substrate temperature

of 680°C. The semiconductor-like trend above the transition is attributed to the presence of the Y2BalCUlO 5
"green" phase.

Films deposited at a slightly lower substrate temperature of 600°C show a more metal-like

behavior above the transition, as can be seen in Figure 6-6. The transition becomes narrower,

although a significant foot is present which lowers the T¢ (at P = 0) to approximately 50 K.

A drastic reduction of the substrate temperature to a value of 460°C causes a dramatic improve-

ment in the electrical characteristics, as is evident in Figure 6-7. The transition becomes extremely

sharp with a Tc (at p - 0) of approximately 88 K. Figure 6-8 shows the behavior of the critical

current density Je and resistivity as a function of temperature for a film deposited at a temperature

of 495°C. At 4 K, the value of Jc is approximately 106 A/cm 2.
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Figure 6-6. P vs T curve for a Y-Ba-Cu-O fiim deposited at 600°C.

g++°F .,t I

=:'oF f ]
115_

0 ""1O0 200 300

TEMPERATURE (K) "

Figure 6-7. p vs T curve for a Y.Ba-Cu-O film deposited at 460°C. Lower substrate temperatures prevent the
formation of unwanted phases.
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Figure6-8. Jcandp vs T curyesfor a Y-aa-Cu-O_lrndepositedat 495°C.Jc"_106A Crnzat 4 K.

The improvement in the electrical properties of the 123 fdms as the substrate temperature is

lowered can be understood by referring to the stability diagram for this material in the presence of
0 2. Figure 6-9 is adapted from work by Bormann and N61ting7 which shows the line of stability for
the perovskite phase. Also shown is the line for the maximum 0 2 pressure tolerable for stable target

operation. To the left of the line, the perovskite structure cannot form because of the lack of oxygen
necessary to stabilize that phase. However, unwanted phases such as -'zCuO 2 and the 211 are
kinetically favore0 to form under those conditions. Operation to the rigl_t of the line ensures the

stability of the perovskite phase, although the actual formation of this phase also requires adequate
heating of the film to provide sufficient atom mobility to prevent an amorphous state from being
quenched in.

For the case of multitarget sputtering from the elements, operation is confined to the region
below the maximum allowable 0 2 pressure. Substrate temperatures to the left of the l!ne of stability
result in cu_Tes similar to that in Figure 6-5, where there was sufficient heating to form crystalline
pk:..ses but insufficient oxygen to form the superconducting perovskite phase. Substrate temperatures
to the right of the line of stability result in amorphous f'flmswhich crystallize to the superconducting
phase upon annealing at 850°C. Under the present 0 2 pressure limitations, it is not possible during
deposition to form the crystalline perovskite phase without also forming the unwanted 211 and
BaCuO2 phases.
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Figure 6-9. Critical oxygen partial pressure for the decomposition of the perovskite structure. The horizontal
line marks the maximum oxygen pressure tolerable for sputtering from elemental Ba and Y targets. (Adapted
from Reference 7.)

The use of activated or excited oxygen in the form of ozone or atomic oxygen is cun'ently being

evaluated in an effort to move the line of stability for the perovskite to higher temperatures, so that

for the same oxygen pressures the perovskite is stable in a temperature range in which crystallization

of the film is possible.

L.S. Yu-Jahnes

A.C. Anderson
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